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SUMMARY
The kilogram is the last of the seven base SI units that is defined as an artefact rather 
than a naturally occurring physical phenomenon and as such presents a unique set of 
problems in both its maintenance and dissemination. The accuracy of the International 
Prototype Kilogram, a cylinder of platinum-iridium alloy, and of its 90 National 
Standard copies is limited by the surface stability of the artefacts. Various algorithms 
are used by the holders of these copies, based on empirical mass measurements, to 
predict the mass gain of platinum-iridium mass standards but their accuracy is severely 
limited by the amount and reliability of the weighing data. Work is also underway to 
replace the current definition of the kilogram with a more fundamental derivation. At 
present there are three major methods being investigated all of which require a mass to 
be realised in vacuum, presenting the problem of discontinuity between weights realised 
in vacuum and those used in air.
The work described investigates the effect on the surfaces of mass standards of storage 
in and transfer to and from vacuum both by mass measurement and by surface analysis 
using X-ray photoelectron spectroscopy. Standards of both stainless steel and platinum- 
iridium were investigated and values for the step change in mass on exposure to vacuum 
were calculated for both materials, allowing, for the first time, traceability between 
weighings made in air and in vacuum. The measurements of the contamination on the 
surfaces of the weights made gravimetrically and by XPS showed excellent correlation 
and models for the mass gain processes of artefacts exposed to ambient and vacuum 
conditions were derived. Additionally analysis of the results allowed a value for the 
average density of the overlayer to be calculated based on surface studies and weighing 
data.
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GLOSSARY OF TERMS AND ABBREVIATIONS
Weights and weighing 
True Mass
The true mass of a body is a function of the amount of material it contains (and not of 
its weight). The mass of the International Prototype of the Kilogram is by definition 
exactly one kilogram. This value is disseminated by comparing the Kilogram with 
secondary and tertiary standards. This is performed on a true mass basis by comparing 
the weights in air and applying a correction for the density of the air at the time of 
weighing (the magnitude of the correction being the product of the air density and the 
difference in the volumes of the weights compared). Alternatively the weights could be 
compared in vacuum eliminating the need for an air buoyancy correction.
Conventional Mass
Conventional mass is generally used in the field of mass metrology the convention, as 
specified by the OIML (see below), being a density of 8000 kg/m3 for the weight and a 
density of 1.2 kg/m3 for the air in which it is measured. When comparing weights on a 
conventional mass basis the air buoyancy correction necessary is much smaller than for 
a true mass comparison, the correction being the product of the difference in the 
volumes of the weight and the difference in air density at the time of comparison from
1.2 kg/m3 (rather than the absolute air density). Most modem balances are adjusted to 
read on a conventional mass basis.
Accuracy
Not generally used with weights but can indicate the departure of a weight from its 
nominal value.
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Uncertainty
A figure used to describe the range of values between which a quoted result will lie with 
a given confidence. A result of A ± B states that the true result lies between A + B and 
A -  B to the confidence level quoted (usually 90% (k=l) or 95% (k=2)).
Buoyancy correction
This must be applied when comparing weights of different volumes to the highest 
accuracy. It is equal to the difference in the volumes of the weights multiplied by the 
density of the medium in which they are compared (usually air).
Air density
When comparing weights of different volumes in air it is often necessary to apply a 
buoyancy correction (see above) and therefore to measure the air density. This can be 
done gravimetrically by weighing known artefacts of different volumes where the 
measured difference is proportional the density of the air. Usually air density is 
calculated from measurements of temperature, pressure and humidity using the equation 
recommended by the CIPM (see below). The accuracy with which the parameters can 
be measured, combined with the empirical accuracy of the equation limit the accuracy 
with which air density can be derived to about 1 part in 104.
International Prototype of the Kilogram
This is also known as the International Kilogram of Kilogram K. The weight of this 
artefact (defied as 1 kilogram) provides ultimate traceability for the SI unit of mass.
National Prototype Kilograms
Each country that is a signatory of the Convention of the Metre has a copy of the 
International Prototype, know as their national prototype kilogram (or national copy). 
These copies provide, also made from platinum-iridium, provide traceability for the 
mass scale in the individual countries.
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Nettoyage-lavage
A “cleaning-washing” process used by the BIPM for cleaning platinum-iridium 
kilogram mass standards before verification. The process involves the cleaning of the 
weight by rubbing with a chamois soaked on and ether/ethanol mixture followed by 
washing with a jet of steam. The process theoretically removes contamination built up 
on the kilograms since their last clean and takes them back to a reference condition in 
which they can be calibrated. The process has been investigated and copied by other 
NMIs.
Mass comparator assessment and performance 
Resolution
The resolution of a balance or mass comparator is the number of decimal places to 
which it can be read. The Mettler HK1000MC used for the work in this thesis has a 
seven-place resolution (0.000 000 1 g) equal to 0.1 pg or 1 part in 1010 when it is used 
to compare kilogram weights.
Accuracy
Not a metrological term but, when used, generally synonymous with resolution. Can 
also be used to describe the balances ability to show the correct result!
Repeatability of reading
The repeatability of a balance or mass comparator is an assessment of the standard 
deviation of the balance reading when the same load is repeatedly applied to the balance 
a specified number of times. The repeatability of the balance is usually quoted in the 
specifications given by the manufacturer and is generally an indication of the balance 
performance achievable under ideal conditions.
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Repeatability of comparison (measurement)
By its nature, a mass comparator is always used for comparing weights (of similar 
nominal value) and not as a direct reading device. The repeatability (or accuracy) of 
comparison is a measure of how repeatably this measurement can be made. The 
assessment is performed by repeatedly comparing two weights and calculating a 
standard deviation. On a manual comparator a set of 10 comparisons are usually made. 
The HK1000MC used for the work in this thesis las an automatic weight exchanger in 
the form of a carousel and using this a series of 100 comparisons can easily be made to 
assess the repeatability of the comparator.
Abbreviations and organisations 
NMI
NMIs or National measurement institutes (or National Standards Laboratories) are the 
establishments in countries around the world responsible for the maintenance and 
dissemination of the SI units.
OIML
The OIML is the Organisation International de Metrology Legal (International 
Organisation of Legal Metrology) and produces recommendations on the use of 
standard weights and balances.
BIPM
The Bureau International des Poids et Mesures (BIPM) is the International standards 
laboratory, situated in Sevres near Paris, where the International Prototype of the 
Kilogram is held.
xxiv
CIPM
The Comitte International des Poids et Mesures (CIPM) is the working group of the 
BIPM and is responsible for international guidance in the field of mass metrology.
X-Ray photoelectron spectroscopy (XPS) 
Substrate/overlayer ratioing
This is the simplest method for the analysis of XPS data taken from on take off angle, 
normally 0° (see below). The technique involves ratioing the overlayer peak intensity to 
the substrate peak intensity adjusting each value for the sensitivity factor and 
attenuation length (see below) relevant to the species in question.
Angle resolved XPS
This specific form of XPS involves taking measurements at two (or more) take off 
angles (see below) relative to the plane of the surface being studied. The surface 
sensitivity of the measurements varies with the angle at which the data is gathered. 
Analysis of the variation of the peak intensities with take off angle for the peaks of 
interest allows calculation of both the amount of the substance and its mean depth 
below the surface of the sample. Unlike substrate/overlayer ratioing this technique ratios 
the peak intensities for individual species taken at the two take off angles.
Take off angle (TOA)
The take off angle, refers to the angle at which XPS measurements are gathered. A take 
off angle of 0° is normal to the surface of the sample and has the greatest analysis depth. 
As the take off angle increases (ie. becomes more shallow) the depth of analysis falls 
exponentially and greater emphasis is put on the species near the surface of the sample.
xxv
Inelastic mean free path (IMFP)
The inelastic mean free path is the theoretical average distance an emitted electron 
travels in a given solid before undergoing an inelastic collision (ie. one in which it loses 
energy) and therefore maintains its kinetic energy. IMFPs increase with the kinetic 
energy of the electrons but decrease with the atomic number of the matrix through 
which it is moving. The relatively low energy involved with XPS measurements mean 
that the IMFPs are comparatively short making the measurement technique surface 
sensitive.
Attenuation length
This is in effect the practical attenuation length of a photoelectron and is similar to the 
IMFP. For XPS the attenuation length rather than the IMFP should be used for data 
analysis as it allows for the elastic scattering process that occurs in the solid and which, 
while not changing the energy of the photoelectron, increases the distance it travels 
through the solid. For the work reported here IMFPs and attenuation lengths are 
regarded as equal.
Sensitivity factor
The sensitivity factor refers to the relative sensitivity of the specific species to the 
incident X-ray photons. It will depend on the intrinsic properties of the instrument, the 
cross-section of the specific photons produced, and the inelastic mean free path of the 
electrons. Since the sensitivity factors are used only to scale the intensities of the 
recorded peaks the instrument constants can be ignored if the same device is used for all 
measurements.
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CHAPTER 1: Introduction
1.1 Chapter Summary
This chapter outlines the aims of the work presented in this thesis and the justification 
for the work in terms of improving the current maintenance and dissemination of the 
unit of mass and providing a mechanism for the dissemination of a possible re-definition 
of the kilogram. Furthermore, the use of both gravimetric and surface analysis 
techniques to characterise the weights will allow a unique estimation of the density of 
surface contamination.
1.2 Aims and Objectives
The aim of the research work reported in this thesis is to improve the accuracy with 
which the SI unit of the kilogram is maintained and disseminated worldwide. This aim 
has been addressed by meeting three main objectives.
Firstly, to investigate the potential for improvement in the stability of a kilogram weight 
by storage and weighing in vacuum. The International Prototype Kilogram, which 
defines the SI unit, is stored and used in air, as are all the national copies of this weight. 
The evaluation of weight stability in vacuum will involve the design and manufacture of 
equipment to allow the storage and calibration of weights in a vacuum environment.
Secondly, to quantify by weighing, the mass change a standard kilogram experiences on 
transfer between air and vacuum - vital both for traceability to the mass scale in air and 
to examine the relative values of weights held in air and in vacuum. In addition to 
equipment for weighing in vacuum this will require the development of a method for 
moving weights into and out of vacuum while maintaining the integrity of the vacuum 
and the weights stored therein.
Thirdly, by surface analysis techniques, to categorise the physical changes to the 
surfaces of weights stored in vacuum and air and transferred between the two media. 
The data from the surface analysis will be correlated with the weighing data to produce
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mass gain models for the stability of weights stored in vacuum and air, and a step 
change function for weights transferred between air and vacuum.
The correlation between the mass gain measured by weighing and the increase in 
overlayer film thickness measured by surface analysis techniques can also be used to 
calculate a theoretical density for the overlayer, information that has previously been 
unavailable from purely surface related studies.
1.3 Justification for the work
1.3.1 Current definition of the kilogram
The kilogram is the last of the seven base SI units, which is defined by an artefact, rather 
than derived from naturally occurring physical phenomena and, as such, presents a 
unique set of problems in both its maintenance and dissemination [1-3]. Although 
theoretically the mole and the atomic mass of an electron can be realised to accuracies 
better than 1 part in 108 [4,5], the definition of the kilogram as the weight of a physical 
artefact is still the most practical realisation of the unit.
The six other base SI units (length, time, temperature, the mole, luminous intensity and 
electrical current) are all now defined in terms of naturally occurring phenomena. This 
means that all can be realised independently by any laboratory possessing the necessary 
equipment, and also means that the accuracy of the unit is solely dependant on the 
performance of the instrumentation used for its realisation [6].
In contrast the accuracy with which the SI unit of the kilogram can be realised is 
dependant both on the performance of an instrument [7-10] (in this case a mass 
comparator) and on the stability of the artefacts used to maintain and disseminate the 
unit.
The unit of the kilogram is defined as the mass of the International Prototype Kilogram 
(also known as “The Kilogram” or K), a cylinder of platinum-iridium alloy, held at the 
international standards laboratory, the Bureau International des poids et Mesures
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(BIPM) in France. The stability of the mass value of the Kilogram, and of its 90 
National Standard copies, is limited by the surface stability of the artefacts. This 
stability is, in turn, dependant on factors such as the surface finish of the artefact, 
storage and handing conditions and amount of use [11].
Early copies of the International Prototype (and The Kilogram itself) were finished by 
hand polishing using gradually more fine grains, ending with a polish using a grain 
diameter of 0.25 pm. More recent copies (since 1960) have been diamond turned 
producing a visibly better finish on the surface. Measurements using white light 
interferometry have shown typical surface roughness (Ra) values of 65 to 85 nanometres 
for hand polishing and 10 to 15 nanometres for diamond turning [12].
Storage conditions vary between the holders of the copies who are National 
Measurement Institutes (NMIs) like the National Physical Laboratory (NPL) in the UK, 
as does the amount of use the copies get. All holders of official copies of the Kilogram 
store them in air. NPL, who hold copy number 18 (also known as “Kilogram 18”) uses a 
sealed glass dome open to the atmosphere via two micropore filters [13]. In general NPL 
uses its Kilogram 18 on a bi-annual basis to check the values of a number of other 
platinum-iridium kilograms and to provide traceability to its working standards. In 
practice the calibration of kilogram 18 against six other platinum-iridium kilograms 
allows some check to be performed on the stability of 18 itself and on the relative 
stability of the other kilograms [14]. An offset due to a similar drift in all the weights 
will not, however, be detected. Figure 1.1 shows to current dissemination chain for the 
unit of mass in the UK.
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Figure 1.1: Current dissemination chain for the SI unit of the kilogram
The figure shows the normal (continuous lines) and optional (dotted lines) 
dissemination chains from the International Prototype to working standards at the 
national level in the UK. The figures next to the lines indicate the uncertainty of 
comparison of the artefacts linked by the lines. For platinum-iridium comparisons the 
uncertainty is predominantly due to the accuracy of the mass comparator and only one 
figure is given. For comparisons involving platinum-iridium and stainless steel 
kilograms components are given for the uncertainty due to the comparator performance 
and due to air buoyancy correction. For each level of standards an uncertainty in the 
weight is given (in the rectangular boxes). This uncertainty includes components for the 
comparison and for the volume of the weight (but not for its stability). Thus, although 
platinum-iridium kilograms can be compared to better than 1 in 109, the uncertainty on 
the national standard is about 4 in 109 (4 micrograms), mainly due to uncertainty in the 
volume of the weight.
The normally used traceability scheme for the UK involves the comparison of the 
National Standard Kilogram (No. 18) with the International Prototype of the Kilogram 
(K) at the BIPM. Kilogram 18 is then used at NPL to disseminate to the secondary
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platinum-iridium and stainless steel kilograms, by both direct and indirect comparison. 
AdditionaBjNPL’s secondary platinum-iridium kilograms can be calibrated at the BIPM 
to provide further traceability and a check on the stability of Kilogram 18 between 
calibrations. The majority of National Measurement Institutions (NMIs) have only one 
platinum-iridium kilogram and thus use it for direct traceability between the 
International Prototype and their working standards.
As well as being a function of surface finish and storage conditions, some variation has 
also been seen in stability of kilograms manufactured from different batches of 
platinum-iridium alloy. No satisfactory explanation for these variations has been found 
although the inclusion of trapped gas in the manufacturing material could be a possible 
cause.
A further complication to the question of the stability of the kilogram copies is the fact 
that, each time they are returned to the BIPM for calibration against the Kilogram (about 
every 10 years), all national copies (and the International Prototype) are cleaned [15]. 
This is done to return them back to a “base level” at which they can all be compared but 
also has the effect of making the weight relatively less stable for a period after the 
cleaning [16]. During these periodic re-verifications, the BIPM has the opportunity to 
study the mass gain of the weight directly after cleaning. Various algorithms have been 
developed, based on empirical mass measurements, by the NMIs who hold the copies of 
the Kilogram, to predict the mass gain of platinum-iridium mass standards. The 
accuracy of these algorithms is severely limited by the amount and precision of the 
weighing data and none has been verified by correlation with surface contamination 
measurements. In practice even the generation of a mass gain algorithm based on 
weighing data is difficult as the change in the value of a national standard cannot really 
be monitored against weights which are, in effect, traceable to it. Only the BIPM has the 
opportunity to measure a number of kilograms in parallel and even in this case only 
mass reduction on cleaning and the subsequent mass gain over a relatively short period 
can be measured before the copies must be returned to their owners [16]. The 
establishment of a kilogram held permanently in vacuum, which is the concept giving 
rise to the work in this thesis, will give a unique reference value against which the 
stability of platinum-iridium weights in air can potentially be measured. Furthermore by
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analysis, both gravimetrically by weighing in air and in vacuum and by surface studies, 
the mechanisms by which primary kilogram weight accrete contaminants will be 
investigated and proposals will be made for the best storage of these weights to limit 
mass change and for the correction of the mass of the standards with time.
1.3.2 Future re-definition of the kilogram
At present a number of National Measurement Institutions are investigating methods by 
which the current definition of the kilogram can be replaced [17,18]. The proposed 
methods will, if successful, relate the unit to a more fundamental derivation. There are 
currently four major methods being investigated all of which require a mass to be 
generated in a vacuum, presenting the problem of discontinuity between a mass realised 
in vacuum and artefact mass standards used in air. One of the objectives of the work of 
this thesis is to investigate the effect on the surfaces of mass standards of storage in and 
transfer to and from vacuum both by mass measurement and by surface analysis. This 
will establish a traceable link between kilograms realised or stored in vacuum (required 
by all potential re-definitions of the kilogram) and weights used in air (required by the 
vast majority of standards laboratories and end users). It is the author’s opinion that 
none of the currently proposed alternative definitions of the kilogram offer either the 
ease of realisation or the ultimate accuracy to supersede the current definition. It is 
however, probable that, when a suitable re-definition is achieved, it will involve the 
realisation of a kilogram in vacuum and so will require knowledge of the effect of 
vacuum exposure on mass standards to allow its dissemination. The work of this project 
will therefore be important for the practical dissemination of any new method for 
defining the kilogram. Figure 1.2 shows the likely method of dissemination from a re­
definition.
Fundamental
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Figure 1.2: Possible dissemination routes following a re-definition of the kilogram
As with the previous traceability diagram, the numbers beside the lines represent the 
uncertainty of dissemination and the numbers in the boxes the uncertainty on the
o #
artefacts described. The value of 1 in 10 for the realisation of the new definition 
represents an arbitrary limit above which the new definition would not represent an 
improvement over the current definition. The methods proposed for re-definition all 
offer very low theoretical uncertainties but at present all have major problems reaching 
the limit of 1 in 108 for the uncertainty in their practical realisation.
The dissemination route illustrated shows that from a fundamental definition of the unit 
the practical realisation can be performed in one of four ways described. Traceability 
from these potential practical realisations will, initially, almost certainly be to a 
platinum-iridium kilogram. This will maintain the secondary stages of the current 
traceability chain and to allow monitoring of agreement between the old and new
7
definitions. At some stage it may be sensible to have direct traceability from the new 
definition to stainless steel weights, eliminating the intermediate platinum-iridium 
weights from the sequence of dissemination.
The correlation between measured mass values for weights, stored in both vacuum and 
air, and the surface condition of the weights, measured by a technique such as X-ray 
Photoelectron Spectroscopy, will be investigated as part of the work described, to 
provide a better understanding of the mechanisms which cause instability in mass 
standards and improve mass gain/loss models for surface contamination and cleaning. 
Given the possible traceability chains described above work on both platinum-iridium 
and stainless steel weights will be performed. Some work has already been undertaken 
on the mass gain of the national standard kilograms after cleaning (see Chapter 3), 
particularly by the BIPM who hold the International Prototype of the Kilogram. The 
work has, however, been limited to a gravimetric analysis and no attempt has previously 
been made to correlate this data with a study of the surface conditions of the weights as 
they gain mass.
1.4 Thesis layout
Each chapter commences with a brief summary of its contents and an overview of how 
the work described in the chapter fits into the overall work of the project. Chapters end 
with a conclusion drawn from the content of the chapter and a description of the work 
proposed, leading on from these conclusions.
Chapter 2 gives a background to mass metrology in general and the SI unit of the 
kilogram specifically. It describes the history of the kilogram artefact as a definition of 
the unit and describes the limitations of this definition and how these may be addressed. 
Potential methods for the redefinition of the unit are briefly described to further 
illustrate the need for traceability to weight in vacuum.
The results of a survey of research papers presenting data on the stability of mass 
standards, weighing in vacuum and the examination of the contamination and cleaning 
of mass standards using surface analysis techniques is given in Chapter 3.
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Chapter 4 describes the design, development and evaluation of the weighing in vacuum 
apparatus used in the research. The design and manufacture of the weights, of stainless 
steel and platinum-iridium, used for the work is described in detail.
The results of the preliminary measurements on the stainless steel standards are given in 
Chapter 5. This includes measurement of surface roughness and density and the initial in 
air weighings to check the mass stability of the standards.
Chapter 6 describes in detail the weighings in air and in vacuum designed to quantify 
the mass changes in the values of the weights brought about by transfer to and from 
vacuum and also the long-term categorisation of the stability of stainless steel weights 
stored in vacuum.
The preliminary measurements on the platinum-iridium weights are described in 
Chapter 7. Again, surface roughness and density measurements were performed. The 
measurements in air, to check the stability of the weights following density 
measurement are also detailed.
Chapter 8 comprises a detailed description of the long-term weighings in air and in 
vacuum to examine the stability of weights stored in both media and to quantify the 
effect on mass stability of the transfer of weights between the two environments.
Chapter 9 describes the surface analysis techniques used for the examination of the 
surface samples that had been used in conjunction with the weights. The three 
techniques used for the analysis of the XPS data are discussed in detail, as is the 
calculation of the parameters necessary for the processing of the XPS data and the fitting 
of the individual peaks.
Chapter 10 presents the data from the short-term measurements on stainless steel and 
platinum-iridium surface samples. Samples were exposed to various environments 
designed to duplicate the exposure of the mass standards used for the gravimetric work.
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These surfaces of these samples were measured using XPS as received from the 
manufacturer and after 1 months exposure to the conditions described.
The long-term exposure measurements are described in Chapter 11. Platinum-iridium 
surface samples were stored in air, in vacuum and transferred between the two to 
duplicate the long-term exposure of the mass standards. The contamination of the 
surfaces of these samples was measured using XPS.
Chapter 12 summarises the gravimetric and surface analysis data and correlates the two 
sets of measurements. Samples stored in air and in vacuum were studied together with a 
sample transferred regularly between the two media. Using the gravimetric and surface 
data densities for the overlayers on the three samples have been calculated.
Chapter 13 provides a summary and sets out brief conclusions for the work presented.
1.5 Project Strategy
An initial requirement of an investigation of the effect on mass standards of storage in 
and transfer to vacuum is equipment to allow mass measurement in a vacuum 
environment. The design and evaluation of a facility to store, calibrate and transfer 
weights in vacuum will need to be realised before any experimental work can be 
undertaken. The primary aim of the work is to examine effects on platinum-iridium 
kilograms such as the International Prototype of the Kilogram and its official copies 
(national standard kilograms). This will require the use of weights manufactured from 
the same material and finished in the same way as (recently produced) copies of the 
International Prototype. A surface analysis technique, such as XPS, will be used to 
categorise the surface contamination on platinum-iridium and this data will be 
correlated with the gravimetric data from the weighings, in air and in vacuum, on the 
platinum-iridium weights to give a better understanding of the mechanisms of 
contamination which give rise to instabilities in these weights and to quantify the 
difference between the effects on weights stored in air and in vacuum.
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CHAPTER 2: Background
2.1 Chapter Summary
This Chapter describes the background to mass measurement in general and to the 
definition of the SI unit of the kilogram in particular. It charts the history of the current 
definition and of the artefact used to realise the unit and the problems with an artefact 
definition are discussed. A summaiy of the current work to re-define the kilogram and 
its links with the work described in this thesis is also given. A description of the UK 
mass scale is given together with a list of NPL’s primary platinum-iridium mass 
standards, which have been used for this research.
2.2 Mass Measurement
The determination of the mass or weight of a body is, along with length and time, one of 
the oldest types of measurement to be made and dates back at least 5,000 years. The 
Babylonians had a state-supervised system of measurement, which had its beginnings 
with the Sumerians or even older cultures. The technique of comparison of an unknown 
mass with standard weights is as old and is still the basis of measurements made today. 
In Babylon and later in Egypt a standard of mass known as a Mina, made from stone, 
was used to fix tithes and as a basis for trade. Interestingly, the value of this weight was 
about 1010 grams very near to the value of the unit used today. The basic unit of weight 
of later states was also frequently equal to approximately 1 kilogram although often 
based on natural weights such as an ear of com. Because of their close trading relations, 
the Egyptians and Babylonians influenced the measurement systems of the 
Mediterranean countries and so the bases of the Greek and Roman standards were 
similar to those of the earlier civilisations.
The system of measures established by the Babylonians and Egyptians was adopted by 
the Greeks and Romans and indeed up until the 18 Century the method of maintaining 
weights and measures changed little [19]. Each state was responsible for the 
dissemination of its own measurement system resulting in a great number of different 
kinds of weights. Trade between neighbouring states meant some similarity of standards
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on a regional scale. At the end of the 18th Century the start of the industrial revolution 
and increased trade on a worldwide scale necessitated the introduction of a unified 
system of units on a global scale. Initially, the unit of length, the metre (a ten millionth 
part of a quarter of the earth’s meridian), was introduced as a standard and gave rise to 
the grave (a cubic decimetre of water) and later the kilogram. This laid the basis for the 
metric scale of measurement, which we use today.
Although the basic comparison method of weighing, and indeed the weights themselves, 
have not changed much since earliest records, the instruments used and methods of 
dissemination have. The beam balance, which can be traced back at least 3000 years, is 
still the most accurate way of comparing weights, although the system for sensing the 
difference between the weights has changed. Opto-electronic and force compensated 
sensing elements have taken over from conventional optical systems, the most basic of 
which being the pointer and scale.
Weights have always been based on multiples and sub-multiples of naturally occurring 
physical quantities such as a number of grains of wheat (hence the unit of the grain, 1 
seven thousandths of a pound and the basis of the imperial system of weight). An 
artefact standard based on a natural quantity (the weight of a cubic decimetre of water) 
is still used to maintain and disseminate the unit, nowadays on a global rather than a 
regional scale.
The development of the balance as a measurement instrument has seen modifications in 
the execution of the comparison technique rather than in the technique itself. Current 
technology offers little improvement in terms of resolution on the best knife-edge 
balances used during the 18th Centiuy [20]. For the last eighty years National 
Measurement Institutes (NMIs) have been able to make measurements on kilogram 
weights to a resolution of a few micrograms [21]. Comparisons on such two pan 
balances were time consuming and laborious and the limited amount of data produced in 
turn limited the uncertainties that could be achieved. The recent automation of mass 
comparators, both in terms of collection of data and the exchange of weights, has 
allowed many more comparisons of standards and unknowns to be made. The increase 
in data collected allows statistical analysis and this, rather than an absolute improvement
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in the overall resolution or accuracy of the instrument, has led to an improvement in the 
uncertainty with which the kilogram can be monitored and disseminated.
The current state of the art allows the comparison of kilogram weights with a 
repeatability of approaching 1 micrograms (1 part in 109) on mass comparators, which 
can reliably be used on a daily basis. With this frequency of calibration, the stability of 
the standard weight used as a reference becomes significant not only at the working 
standards level but also for national standards and for the International Prototype 
Kilogram itself. For this reason there is interest both in the absolute stability of the unit 
of the kilogram and in the way it is defined and disseminated.
2.3 Definition of the Kilogram
The definition of the kilogram is stated as follows:
“The kilogram is the unit o f mass; it is equal to the mass o f the international prototype 
o f the kilogram ”
This definition dates from the first meeting of the CGPM {Conference General des 
Poids et Mesures) held in 1889. This definition is realised via The International 
Prototype of the Kilogram, a cylinder of platinum-iridium alloy, which is stored and 
calibrated at the Bureau International des poids et Mesures (BIPM) in Sevres near Paris.
2.4 Origins of the Kilogram
The origins of the kilogram as the definition of the unit of mass date back even further. 
In 1790 the French National Assembly recommended a consistent system for weights 
and measures [22]. A report presented to the Academy of Sciences in 1791 
recommended a system based on the unit of length, the metre. The unit of mass was 
therefore initially defined in terms of a fixed volume of water at its freezing point. 
Measurements were made to decide on an appropriate volume and in 1799 it was agreed 
that the unit should be equal to the mass of a cubic decimetre of water at 4 °C (the 
temperature at which it is most dense) and would be called a kilogram (the mass of one
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cubic centimetre of water being a gram). Brass weights were originally manufactured to 
disseminate the unit but early in the nineteenth century a weight of pure platinum 
(known now as the kilogram des archives and now kept at the BIPM in Paris) became 
the standard mass for most of Europe. In 1875 eighteen countries subscribed to a treaty 
called the Convention de metre by which the BIPM and the Committee International des 
Poids et Mesures (CIPM) were founded. These organisations were to be responsible for 
the maintenance and verification of the metric standards. It was agreed that a new 
kilogram weight of platinum-iridium alloy should be manufactured.
2.5 Manufacture of the Kilogram weight and the original copies
After many attempts in France, Johnson Matthey of London made a successful casting 
of 90% platinum 10% iridium alloy in 1879. Three cylindrical pieces were delivered to 
St-Claire Deville metallurgists in France where they were hammered in a press to 
eliminate voids, rough machined and polished and finally adjusted against the kilogram 
des archives [23]. One of these kilograms was designated K and became the 
International Prototype of the Kilogram, the remaining two, designated KI and KII, were 
retained as primary copies. Forty further kilogram weights were produced using the 
same techniques and delivered in 1884. Twenty of these were allocated to the 
signatories of the convention of the metre as national standards (the UK received copy 
number 18). Figure 2.1 shows the International Prototype of the Kilogram stored under 
three bell jars.
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Figure 2.1: The International Prototype of the Kilogram 
stored under three bell jars
The International Prototype of the Kilogram (commonly known as the (International) 
Kilogram or just K) is a cylinder of approximate dimensions 39mm diameter by 39mm 
height, which is made from an alloy of 90% platinum and 10% iridium [24]. The design 
of the artefact minimises its surface area while making it easy to handle and machine (a 
sphere would give the minimum surface area but presents difficulties in manufacture 
and use). Platinum-iridium was chosen as the material for the kilogram for a number of 
reasons. Its high density (approximately 21.5 kg/m ) means the artefact has a small 
surface area and therefore the potential for surface contamination is minimised. The 
relatively inert nature of the material also minimises surface contamination and 
enhances the mass stability of the artefact. The high density of the material also means 
that it displaces a smaller amount of air than a kilogram of less dense material (stainless 
steel or brass for example). The weight-in-air of the kilogram (or any mass standard) 
depends on the density of the air in which it is weighed because the air (or any fluid in
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which it is weighed) exerts a buoyancy effect proportional to the volume of the artefact. 
Minimising the volume of the weight minimises the effect of changing air density on the 
weight of the artefact. Platinum and its alloys are reasonably easy to machine [25] 
enabling a good surface finish to be achieved on the artefact, again reducing the effect of 
surface contamination. The addition of 10% iridium to the platinum greatly increases its 
hardness and so reduces wear.
2.6 Surface Finish
The surface finish of the kilogram standards has a major effect on their stability. Early 
copies of the International Prototype (and The Kilogram itself) were finished by hand 
polishing using gradually more fine grains, concluding finally by polishing with a grain 
diameter of 0.25 pm [26]. More recent copies (since 1960) have been diamond turned 
producing a visibly better finish on the surface. Measurements using white light 
interferometry have shown typical surface roughness (Ra) values of 65 to 85 nanometres 
for hand polished weights compared with 10 to 15 nanometres achieved by diamond 
turning [12]. Figures 2.2 and 2.3 show typical surfaces for polished and diamond turned 
platinum-iridium kilograms.
-----------------------1 2 m m ------------------ ►
Figure 2.2: Polished surface Figure 2.3: Diamond turned surface
The Figures show optical microscope profiles of the bottom surfaces of the weights at 
the edge of the polished surface and at the centre of the diamond turned surface. Despite 
the polishing procedure, the machining lines are still clearly visible on the surface of the
1 2 mm
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polished kilogram as are secondary scratches due to wear on the weight (the kilogram in 
question being over 100 years old). The diamond turned weight is only 15 years old and 
shows little in the way of machining or wear marks. The surface does however shows an 
increase in graininess of the surface with increasing distance from the centre, thought to 
be due to interaction between the diamond tool and the surface during machining.
2.7 Maintenance and dissemination of the kilogram
The Kilogram artefact is held at the BIPM in France. It is kept under three bell jars in a 
sealed enclosure but is not stored in vacuum. Figure 2.4 shows the design for the 
original storage container for the platinum-iridium kilograms (a photograph of the actual 
assembly, with the addition of a third glass dome on the outside, is shown in Figure 2.1).
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A - silver ring F - detachable block P ' - brass cylinder
C - inner dome K - position of kilogram Q - quartz plate
C ' - outer dome L - brass crown S - closure key
E - fixed blocks P - brass base plate
Figure 2.4: The original storage container designed for 
platinum-iridium kilograms
The weight sits on a quartz plate and is held in position by a silver ring. Similar 
containers are used to house all the platinum-iridium kilograms at the BIPM and several 
NMIs have made similar enclosures to house their own national standard kilograms. The 
International Prototype is held in such a container, which is additionally stored under a 
third bell jar and on top of a glass plate. Several copies of the Kilogram, produced at
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various times over the last hundred years, are also held by the BIPM. These allow 
stability monitoring of the International Prototype by intercomparison. Figure 2.5 shows 
kilogram K with the other platinum-iridium copies that are held at the BIPM.
Figure 2.5: The International Prototype of the Kilogram 
with the official copies held by the BIPM
The BIPM is responsible for the dissemination of the unit of mass worldwide. 
Dissemination is achieved via official copies of the international prototype of the 
kilogram, known as national prototypes, held by all countries that are signatories to the
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Metre Convention. These are periodically compared, at the BIPM, with the International 
Prototype. The official copies of the kilogram are, like the original, made of platinum- 
iridium alloy and the final machining and adjustment is done at BIPM. The Prototype 
Kilogram and the first official copies (40 in number) were finished by hand polishing. 
More recent copies have been finished by diamond turning. At present there are 
approximately 90 official copies of the kilogram of which the UK possesses three 
(numbers 18, 81 and 82).
Periodic verification of the national kilogram copies takes place approximately every 10 
years [15]. Each time the national copies are returned to the BIPM they are cleaned and 
washed by a process known as nettoyage-lavage [27], which theoretically returns them 
to a reference value. All kilograms, including the International Prototype, are subject to 
nettoyage-lavage prior to the periodic verification exercise. The BIPM justify the use of 
this cleaning process because of the wide spread in the contamination levels of the 
returning national prototypes and the need to return K to its reference value. Surface 
contamination varies between national copies and ranges from those which are not used 
at all (some are returned to the BIPM with the seal on the container still intact from the 
last verification) to those that are used on a regular basis and have collected many tens 
of micrograms worth of accreted material on their surfaces.
2.8 The nettoyage-lavage cleaning process
Nettoyage-lavage is a two stage cleaning and washing process, which involves solvent 
cleaning followed by steam washing. A mixture of equal parts of ethanol and ether is 
used to rinse a piece of chamois leather to remove impurities. The washed chamois is 
then used to clean the standard weight by rubbing with the ethanol-ether mixture. Steam 
cleaning follows and involves spraying the kilogram with a jet of steam generated from 
boiling pure water using the device shown in Figure 2.6. The washing process takes 
approximately 20 minutes during which the weight is inverted to expose all surfaces to 
the steam jet. Figure 2.7 shows a national prototype kilogram undergoing the steam 
washing part of the process.
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wmmmm
B -1  litre pyrex flask containing bi-distilled water 
C - bowl for collecting condensed water (with run off) 
D - platinum-iridium disc to support kilogram 
E - prototype kilogram for cleaning
Figure 2.6: Steam cleaning apparatus used by the BIPM for nettoyage-lavage 
process of cleaning platinum-iridium kilograms
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Figure 2.7: A platinum-iridium kilogram undergoing steam cleaning 
2.9 Post nettoyage-lavage stability
Although the gravimetric effects of the nettoyage-lavage process have been studied by 
various NMIs [13,15,28] and the (variable) reproducibility of the method is 
documented, no work has been done to link the actual effect on the surface of the weight 
(measured by a reliable surface analysis technique) with either the mechanical cleaning 
method or the observed weight loss. Furthermore, while the BIPM has made studies of 
the mass gain over the first three months after cleaning based on the behaviour of all the 
national prototypes the return of the prototypes to their NMIs after this period means no 
longer-term studies have been made. Only an NMI with at least three other platinum- 
iridium kilograms, against which the stability of the national prototype could be 
monitored, would be able to carry out such work and even so the stability of the other 
three kilograms would affect the results. Due to the lack of data on the stability of 
national standards after returning from BIPM (approximately 3-4 months after cleaning 
and so relatively unstable) a wide variety of algorithms are used to predict the longer- 
term mass gain of the kilogram standards. Some algorithms are expressed as a function
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of time, for example NPL has used the following expression to predict the value of 
kilogram 18 after cleaning at the BIPM.
Masslt = Ikg + (&V + 0.356097 x 511678 )fjg
Where :zlF is the measured difference from nominal in micrograms directly after 
cleaning (as measured by the BIPM) 
t is the time after cleaning in days
The most commonly used algorithm is that the national standard has the value assigned 
on leaving BIPM (approximately 3 months after cleaning) plus 1 microgram per year. 
Some NMIs modify this by using a 0.22 microgram per month gain for the first two 
years. Other NMIs assume that their national kilogram is perfectly stable on return from 
the BIPM and the mass gain is zero.
2.10 The UK mass scale
Although kilogram 18, as with all national copies of the International Prototype of the 
Kilogram, provides official traceability for the mass scale in the UK, NPL have a 
number of platinum iridium-kilograms, which are, in practice, used to maintain and 
disseminate scale. They also give, by intercomparison, some measure of the stability of 
the individual platinum-iridium mass standards (including kilogram 18).
When not in use, all NPL’s platinum-iridium kilograms are stored in sealed enclosures 
similar to that shown in Figure 2.8. The weight sits in a recess in an aluminium base 
filled with chamois and covered with acid free tissue paper. It is clamped around the 
side by three arms and on top by a pad of 12 mm diameter. The arms and pad are 
covered with chamois and acid free tissue. A glass dome is clamped, via a Viton seal, 
onto the aluminium base and air is allowed into the sealed enclosure through two fine 
filters (0.2 micrometer pore size cellulose tri-acetate membranes) in series. The 
enclosures containing the kilograms are normally stored in a ventilated semi­
subterranean vault at a temperature close to 20 °C.
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Figure 2.8: The UK national standard of mass in its storage container
Most of the NPL’s platinum-iridium kilograms have been involved in this research work 
either being directly measured or providing traceability to the International Prototype. 
The kilograms have the following designations:
E - This kilogram is made of pure platinum by extrusion machining and polishing. It 
dates from 1799 and has never been cleaned. It is therefore thought to be extremely 
stable and is used to monitor changes in the other platinum-iridium kilograms.
18 - The national standard kilogram, copy number 18 of the international prototype of 
the kilogram. It dates from 1882 and was assigned by lot to the UK as part of the Metre 
Convention of 1889. As with all platinum and platinum iridium kilograms it is a 
cylinder of 39mm diameter by 39mm height, its surface has a polished finish. This 
kilogram is calibrated by the BIPM as part of the periodic verifications of all national 
prototypes. As part of these verifications it is routinely cleaned using the nettoyage- 
lavage process.
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A - This is a copy of the international prototype, which does not form part of the 
numeric series of national prototypes. It was manufactured in 1978 and finished at the 
BIPM by diamond turning. Periodically it is sent to the BIPM for calibration. Kilogram 
A has never been cleaned. This kilogram has been used as the “in air” reference standard 
for this research.
B - This is similar to kilogram A in all respects apart from the fact that it is cleaned by 
nettoyage-lavage by the BIPM before calibration. To date the kilogram has been cleaned 
twice. As kilograms A and B are not part of the series of official copies of the Prototype 
they are not calibrated during the periodic re-verifications described but will be 
calibrated “on demand” by BIPM.
651 - This is an underweight kilogram rejected by the BIPM because it was over 1 
milligram out of tolerance. The designation 651 comes from the fact that it was being 
produced as official copy 65 of the prototype. A second underweight kilogram 652 also 
exists but was retained by the BIPM. This weight has been used by NPL for research 
purposes since its delivery in 1982.
81 - This forms part of the numerical series of national prototype kilograms. It was 
manufactured in 1996 and finished by diamond turning at the BIPM. NPL received the 
weight in 1997 with a mass value certified by the BIPM. This weight has been used as 
the “in vacuum” mass standard for this research.
82 - This weight is also a national standard kilogram and has the same status as 
kilogram 81 (and 18). It was received by NPL at the same time as kilogram 81 and has 
been used as the transfer standard between air and vacuum for this research. Both 81 
and 82 have diamond turned finishes similar to A and B.
2.11 Limitations of the current definition of the kilogram
The kilogram is unique among the seven base SI units in that it is the only one that is 
still defined in terms of a physical artefact. The other six base units (time, length, 
voltage, temperature, angle, luminous intensity and the mole) are all now defined in
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terms of natural constants [6]. As an artefact definition its realisation and dissemination 
presents a unique set of practical problems.
While the theoretical uncertainty associated with the value of International Prototype of 
the Kilogram is zero (it is, by definition, exactly one kilogram) the practical accuracy 
with which the kilogram can be realised is limited by the stability of the artefact and the 
repeatability of the nettoyage-lavage cleaning process. Although the BIPM monitor the 
stability of the Kilogram against a number of official copies it keeps, the practical limit 
of the uncertainty in its value is about ±2 micrograms. Additionally, the value of 
platinum-iridium kilograms has been seen to drift up to 2 micrograms per year although 
the Kilogram is undoubtedly more stable than this.
The fact that one artefact provides traceability for the entire world wide mass scale also 
presents difficulties. The calibration of the national prototypes presents a problem for 
the BIPM as it involves a large number of measurements. The use of the nettoyage- 
lavage cleaning process to return the kilograms to a “base value” is not only time 
consuming and arduous in itself but greatly increases the number of weighings which 
must be made on the artefacts. Values of the kilograms before and after cleaning are 
calculated, as is the weight gain of the kilograms immediately after the cleaning process 
calculated from measurements made over a period of several weeks. Thus, not only is 
the work load of the BIPM very high, but the national prototype kilograms are not 
available to their National Measurement Institutes for a period of at least five to six 
months.
Most NMIs around the world hold only one official copy of the kilogram and thus their 
entire national mass measurement system is dependant on the value of their national 
prototype. This means that the handling and storage of this weight is very important and 
any damage means it would at least have to be returned to the BIPM for re-calibration 
and at worst replaced.
There is also a feeling amongst some NMIs that, although the current system of 
traceability to a single artefact is workable it is “low tech” and inelegant compared with 
the fundamental definitions of the other SI units.
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2.12 Investigations into an alternative definition of the kilogram
For the last 20 years there has been a considerable amount of work undertaken looking 
for an alternative, more fundamental, definition for the SI unit of the kilogram [17]. This 
work has been driven by two main assumptions. The limitations of the stability, 
realisation and dissemination of the kilogram have been discussed in section 2.7. The 
other reason for the re-definition work currently being performed is the perception of the 
definition using an artefact as low technology when compared with the definitions of the 
other six SI base units. For this reason, the approaches to a fundamental re-definition 
have in some ways been forced rather than being logical solutions to the problem. The 
other base units have more simple definitions based on one measurement (such as the 
wavelength of light for the metre) whereas any of the current proposals for the re­
definition of the kilogram involve a number of complicated measurements. In the same 
way the timescale for the re-definition of the other base units was defined by the 
discovery of a suitable phenomenon or piece of equipment (for example the laser used 
to define the metre). A similar method for re-definition of the kilogram has yet to be 
found.
At present there are four main methods being investigated with a view to providing a 
new fundamental definition for the SI unit of the kilogram.
2.12.1 “Watt” balance approach
The first proposed re-definition of the kilogram was via the Watt. Biyan Kibble of NPL 
proposed using the current balance [29], formerly used to define the ampere, to relate 
the kilogram to a value for Planks constant. The fundamental measurements necessary 
for the definition of the kilogram by this method are the volt (via the Josephson 
Junction) and the ohm (via the quantised Hall effect). Measurements of length, time and 
the acceleration due to gravity are also necessary. There are currently three NMIs 
working on the “Watt balance” project NPL in the UK [30], The National Institute for 
Science and Technology (NIST) in the USA [31] and OFMET in Switzerland [32].
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2.12.2 Avogadro approach
The Avogadro project will define a kilogram based on a fixed number of atoms of 
silicon [33-34]. The mass of a sphere of silicon will be related to its molar mass and the 
Avogadro constant by the following equation:
Vm = ——x — 
N a vo
Where: m is the calculated mass of the sphere
Mm is the molar mass of the silicon isotopes measured by spectrometry 
Na is the Avogadro constant
V is the volume of the sphere measured by interferometiy 
vo is the volume occupied by a silicon atom
To calculate vo the lattice spacing of a silicon crystal must be measured by x-ray 
interferometry [35]. The practical realisation of this definition relies on the calculation 
of a value for Na from an initial value for the mass of the sphere [36]. This value is then 
set and used subsequently to give values for the mass of the sphere (m). An added 
complication with this definition is the growth of oxides of silicon on the surface of the 
spheres. The thickness of the layer needs to be monitored (probably by eBipsometry) and 
used to correct the value of mass m.
2.12.3 Ion accumulation approach
A third approach to the re-definition of the kilogram involves the accumulation of a
1Q7 •known number of gold atoms [37,38]. Ions of Au are released from an ion source into 
a mass separator and accumulated in a receptor suspended from a mass comparator. The 
number of ions collected is related to the current required to neutralise them supplied by 
an irradiated Josephson junction voltage source. The mass of ions (M) is then given by 
the equation:
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nvn2.ma p 
M  = 2
Where: ni and n2 are integers
ma is the atomic mass of gold
fit) is the frequency of the microwave radiation irradiated onto the Josephson 
junction
ma = 197 u, for Gold isotope Au197, where u is the atomic mass (equal to 1/12 
of the mass of C12).
2.12.4 Levitated superconductor approach
Like the “Watt” balance project, this method relates the unit of the kilogram to electrical 
quantities defined from the Josephson and quantised Hall effects [39]. A 
superconducting body is levitated in a magnetic field generated by a superconducting 
coil. The current required in the superconducting coil being proportional to the load on 
the floating element and defining a mass (for the floating element) in terms of the 
current in the superconducting coil [40,41,126].
Even from these brief descriptions of the three methods, it can be seen that the present 
approaches to the redefinition involve a number of demanding measurements. Almost 
all of these measurements must be performed at uncertainties which represent the state 
of the art (and in some cases much better than those currently achievable) to realise the
o
target overall uncertainty of 1 part in 10 set for this work. The absolute cost of the 
equipment also means that the ultimate goal of all National Measurement Institutes 
being able to realise the SI unit of the kilogram independently will, on purely financial 
grounds, not be achievable.
All three approaches require traceability to a mass in vacuum both^their initial 
determination and for dissemination. The significance of the work described in this 
thesis therefore not only extends to improving knowledge of the stability of the current 
definition of the kilogram but also to facilitating the practical use of any of the currently 
considered methods of re-definition.
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2.13 Chapter conclusions
The measurement of weight is one of the oldest forms of measurement and the basic 
mechanics behind the maintenance and dissemination of standard weights has changed 
little over the past 2000 years. The form and material of the primary artefacts used to 
maintain the unit today are the same as they were 200 years ago and the International 
Prototype of the kilogram and its National Copies are, themselves, over 100 years old. 
The improvement in the resolution and repeatability of mass comparators has meant that 
sub-microgram changes in the artefacts can now be measured and this combined with 
the industrial and scientific need for greater accuracy has meant that monitoring the 
stability of the artefacts has become essential.
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CHAPTER 3: Literature Search, Review and Summarisation, Review of Historic 
Data. 
3.1 Chapter Summary
This chapter explains the rationale behind the survey of published research and 
describes the areas of work and key words used when conducting the search. 
Descriptions of the contents of the papers identified as relevant to this piece of research 
work are given in detail. Historic data for the values of the platinum-iridium standards 
weights held by the National Physical Laboratory have also been reviewed and re­
evaluated.
3.2 Background
While it is vital to the integrity of all mass measurements that they are traceable 
ultimately to the international prototype of the kilogram, one of the most crucial stages 
of this dissemination process, the maintenance and use of national copies of the 
kilogram, is performed seldom and only by the National Measurement Institute in each 
country. This, combined with the fact that the majority of countries have only one 
official copy of the kilogram, means that the amount of research into the maintenance 
and use of platinum-iridium primary standard weights is extremely limited. Indeed, only 
the BIPM, as the custodians of the International Prototype of the Kilogram and the 
owners of several copies have had the opportunity to make any meaningful 
measurements regarding the stability of primary platinum-iridium kilograms. NPL in 
the UK is in the fortunate position of holding several platinum-iridium kilograms, which 
allow some comparison of values to check relative stability.
While data on the gravimetric stability of platinum-iridium weights is limited some data 
also exist on monitoring mass stability by surface analysis. The majority of the work has 
been performed using ellipsometry, an optical technique relating surface contamination 
to the polarisation of light under ambient conditions, although X-ray photoelectron 
spectroscopic data also exists on small metallic samples. A greater amount of data exists 
on the cleaning, contamination and stability of stainless steel weights as these are much 
more widely used.
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More general papers on mass measurement and stability, on surface contamination of 
metal surfaces and on the effect of vacuum on metals have also reviewed.
3.3 Review of published material
The review of published data on mass stability in air and in vacuum has been sub­
divided into five sections to allow easier comparison of similar data. At the end of each 
sub-section the data presented is summarised and reviewed. Overall conclusions are 
presented at the end of this section.
3.3.1 Historical data on mass measurement and long-term stability
3.3.1.1 Section Introduction
Although measurements on mass standards in their current form have been carried out 
since the introduction of the platinum-iridium prototype in 1889, little research has been 
published on the stability of the weights until about 1980. The problem of the 
accumulation of contaminants on the surfaces of the prototype kilograms was known 
from previous experience even at the inception of the current definition, hence the use 
of the nettoyage-lavage cleaning and washing process. Some historic data exists in the 
BIPM archives relating to the stability of the International Prototype and the Copies 
held at the BIPM and on the effects of the various cleaning methods used since 1882, 
but little of this historic data has ever been published.
3.3.1.2 Published Data
Bigg (NPL, 1963) [60] summarises the stability of the NPL kilogram standards over a 
period of about 20 years. The British national standard (kilogram 18) was cleaned for 
the first time by the Board of Trade in 1924. An ethanol/ether/ammonia mixture was 
used but no details of the cleaning method are given. The weight lost about 33 
micrograms due to this cleaning. Given that it had not been cleaned since 1889 this 
represents an increase in mass of about 1 microgram per year. The data reported since 
1940 on the comparison of other weights both at the BIPM and at NPL, showed large 
variations from which no conclusions could be drawn. Bigg concluded that the
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uncertainty in values of NPL’s secondary platinum kilogram standards relative to 
kilogram 18 was not better than 10  micrograms and relative to the international 
prototype was approaching 20 micrograms. This was considered adequate for the 
requirements at the time. Bigg also concluded that, within a year of cleaning kilogram 
18 gains “significant” mass and that the weight should be cleaned before use to achieve 
agreement of better than 10 micrograms with its reference value. No attempt was made 
to model the weight gain of kilogram 18 (or any of the other weights studied) or to 
correct for the apparent change in value since its calibration at the BIPM.
Smirnova and Snegov (USSR, 1976) [61] report data on stainless steel mass standards 
from various laboratories within the USSR from 1956 to 1974. The data shows a 
general reduction in the mass of the standards over the period in question, the average 
change being -60  micrograms or 3.3 micrograms per year mass loss. The uncertainty on 
the calibration of the weights was approximately 10 micrograms. Examination of the 
surfaces of the weights by optical microscopy showed microscopic non-metallic 
inclusions and micro-scratches with traces of point corrosion where the protective oxide 
layer had been damaged. This corrosion promoted mechanical wear thought to be 
responsible for the mass loss.
Further to the above work, Pavlov and Smirnova (USSR, 1990) [2] summarise similar 
mass stability data for the period 1974 to 1990. The paper gives details of the surface 
finish of the weights, which have Ra values of less than 0.08 pm. Results show 
instability in the weights of between 0 .8  and 2 0  pg per year, but, unlike previous results 
show no recognisable trend with time.
Davis (NBS, 1985) [63] discuses the recalibration of the US national prototype 
kilogram. Although the US have two prototype kilograms (numbers 4 and 20) from the 
original allocation, Davis comments that it is difficult to draw conclusions about 
stability from comparison of the two. Measured mass differences between the weights 
range from 84 pg to 11 pg.
Davis (NBS, 1990) [64], discussing the assignment of mass values to working 
standards, presents data for the stability of their two platinum-iridium primary 
standards. Over a period of six years since cleaning and calibration by the BIPM the
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stability of the platinum-iridium kilograms relative to each other shows a variation of 
less than three micrograms. No data on the absolute stability of the weights could be 
derived from the comparison.
Girard (BIPM, 1990) [27] describes the nettoyage-lavage process presently used by the 
BIPM to clean national prototypes before calibration. The publication also describes the 
historic cleaning methods used from 1882, which include ethanol vapour and steam 
(1882 to 1889), no cleaning (1889 to 1939). In 1939 the prototypes were cleaned by 
rubbing with ethanol soaked chamois leather with variable results. In 1946 a final 
washing with steam was added to the rubbing with ethanol and gave repeatable results. 
Except for slight modification to the solvent used the process has remained unchanged. 
Girard states that although all prototypes returned to BIPM for calibration have been 
checked against BIPM working standards before and after nettoyage-lavage for the last 
40 years, it is only since the 1973, with the use of the NBS-2 balance, that the effect of 
the treatment could be measured to a few micrograms. This is perhaps the main reason 
that no earlier publications on the effect of cleaning or the stability of primary mass 
standards exist. An analysis of the data on all prototypes weighed between 1973 and 
1990 shows that, on cleaning, the weights lose about 1 microgram for every year since 
the last cleaning. There is, however, a large spread on these results and Girard 
recognises that the weight loss is also a function of storage conditions (and of the 
surface finish and condition of the weight). The plot of weight loss against time, with its 
slope of -lpg/year, does not go through the origin. This is consistent with the BIPM 
observation of a more rapid weight increase immediately after cleaning. Given this 
behaviour, Girard suggests that all prototypes should be re-cleaned on return to their 
respective laboratories to achieve a reference mass equivalent to that measured by the 
BIPM just after cleaning. Experiments were performed to analyse the effect of multiple 
use of the nettoyage-lavage process. The data suggests that two is the optimum number 
and this figure would be used for future calibrations at the BIPM. Interestingly, analysis 
of the data reported for the cleaning of the BIPM kilograms give a mass loss slope of 
-1.4 pg/year since cleaning, the uncertainty on this being approximately ± 0.4 pg/year. 
This mass loss figure is slightly above that quoted in the report for all prototypes 
cleaned (-1  pg/year).
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Girard (BIPM, 1994) [15] reporting on the third periodic verification of the national 
prototypes of the kilogram records changes of +0.25 pg/year for the original national 
prototypes (numbers 1 to 40 manufactured in 1886) after the nettoyage-lavage process. 
Later weights (44 to 55) show a greater increase of 0.9 pg/year. Additionally a kilogram 
(number 34), which had not been used between 1934 and 1992 (and in a sealed 
container since 1961) showed a 27 microgram increase over this period relative to the 
international prototype, an average gain of 0.47 pg/year, indicating that careful storage 
may reduce the accretion of contaminants.
Quinn (BIPM, 1994) [6 ] reporting on the base units of the SI system states that, with the 
increase in mass comparator technology, the limit of accuracy of the current definition
o
of the kilogram has been shown to be no more accurate than about 1 part in 10  
(10 micrograms). The value of the kilogram immediately after cleaning increases by 
about 1 pg/month for 3 to 4 months and stabilises at a value of 1 pg/year after one to 
two years. The uncertainty quoted on national prototypes at the last verification was
2.3 micrograms (k=l) arising mostly from instability in the prototype.
Schwartz and Glaser (PTB, 1994) [65] investigating cleaning procedures for stainless 
steel weights note that the German national standard (of platinum-iridium) has shown 
weight losses of 40 micrograms (1974, after 23 years uncleaned = 1.7 pg/year) and 
38 micrograms (1985, after 11 years uncleaned = 3.5 pg/year) the last two times they 
have been cleaned by the BIPM.
Havard and Lewis (NPL, 1995) [14] describe the initial stages of the dissemination of 
the unit of mass in the UK. The value used for the national prototype kilogram 
(kilogram 18) over the period February 1985 when it was cleaned and weighed at the 
BIPM to February 1990 is discussed in detail. Over the period February 1985 to May 
1986, kilogram 18 was calibrated several times by the BIPM and seen to gain
6.2 micrograms. On return to NPL a value of weight increase of 0.22 pg/month 
(2.64 pg/year), based on historic data, was used until February 1988. After this period 
an increase of 1 pg/year, a figure recommended by the BIPM, was used.
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Lewis and Havard (NPL, 1996) [13] summarise historic data on the UK national 
standard and other platinum-iridium reference masses held at the NPL. This shows the 
stability of kilogram 18 (the UK national standard) from its acceptance by the NPL in 
1889 until 1991. Studying the mass changes experienced when it is cleaned at the BIPM 
(4 times since 1948) the average mass gain over the interim periods is given as 
2.65 pg/year calculated for contamination periods of 7 to 25 years. An expression for 
the increase in mass for kilogram 18 after cleaning in 1985, based on measurements 
made at the BIPM, is given as:
Mass increase = 0.356 097 x t 0 511678 pg (with t in days).
The equation was based on data take in the period 1 month after cleaning (the normal 
time delay used by BIPM between washing and calibration) to 15 months after cleaning 
when the weight was returned to NPL. This equation is shown to be a good fit with 
gravimetric data taken at the BIPM for the first 15 months after cleaning but is in poorer 
agreement with longer-term data (up to 6  years). Using the stated algorithm the mass 
gain after 12 months would be 7.3 micrograms. Values for the other platinum-iridium 
masses are largely dependant on the value assigned to kilogram 18 and so provide little 
additional data on the stability of platinum-iridium kilogram weights.
Calcatelli et al (IMGC, 1997) [6 6 ] reporting the adsorption/desorption of contaminants 
on platinum-iridium mass standards, reports a mass gain in the first months after 
cleaning of 0.027 pg/day. The gain after 12 months using this figure would be 
9.8 micrograms.
Nezu et al (NRLM, 1997) [67] discusses the stability of artefacts for the direct 
measurement of air density. These artefacts are calibrated in vacuum but used and 
stored in air. The artefacts, with nominally the same surface areas, have been weighed 
in vacuum in 1982 and 1997 and show a change in relative mass of 106 micrograms -  
equivalent to 7.3 micrograms per year. No data is given on the absolute stability of the 
artefacts.
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3.3.1.3 Section Summary and Conclusions
Historical data on stainless steel weights reported by both Smirnova and Davis is of 
limited use due to the high uncertainty in the calibration of stainless steel weights and 
the more variable patterns of use and storage. The figures reported by Bigg, Girard and 
Quinn all suggest an average accretion rate of about 1 pg/year for platinum-iridium 
weights although some variability in this figure can be seen. Quinn and Bigg both 
suggest a long-term limit of uncertainty of about 10  micrograms on a platinum-iridium 
kilogram. The results reported by Schwartz and Glaser suggests that the German 
primary standard has shows recent gains of between 1.7 pg/year (1951-1974) and
3.5 pg/year (1974-1985). The results reported by Havard and Lewis also suggest a 
larger mass gain of about 2.5 pg/year. This is also based on more recent measurements 
(1971 to 1991). These results may reflect the increase in the abundance of hydrocarbon 
contaminants in the atmosphere but also the more rigorous cleaning method used by the 
BIPM since 1946. Havard and Lewis also give an algorithm for the mass gain of a 
platinum-iridium kilogram directly after cleaning. The algorithm corresponds roughly 
with the figure given by Calcatelli for the early contamination but gives an overall 
difference of 2.5 micrograms in the predicted mass gain after 1 year.
3.3.2 Humidity Effects
3.3.2.1 Section introduction
The humidity of ambient air has long been known to affect the weight of porous objects. 
Since the late 1970s a number of experiments, both gravimetric and optical, have been 
performed to quantify the effect of humidity of the mass of metallic artefacts. Data is 
reported for platinum-iridium and stainless steel surfaces and weights.
3.3.2.2 Published data
Bowden and Throssell (1951) [6 8 ] made studies of the adsorption of water on solid 
surfaces by both weighing and polarised light reflectance. Experimental data suggests 
that the water adsorption near saturated vapour pressure (about 90% RH) corresponds to 
approximately 2 monolayers on the solid surface (ie. about 60 ng/cm2). This result is at
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odds with previous (gravimetric) data [115] that suggests tens of molecular layers on 
solid surfaces. The authors suggest the effect is due to uncertainty in the actual 
(effective) surface area or the presence of trace impurities or contamination on the 
surface.
King (NPL, 1978) [69] performed some investigative measurements of water vapour 
adsorption by ellipsometiy. In summarising previous data he notes that early 
experimentation showed relatively thick films (up to 1 0 0  molecular layers) but 
comments that this was due to inadequate characterisation of the initial surface. 
Experimentation on a stainless steel surface for humidity in the range 50 to 80% showed 
a change of 0.01 nm/%RH (« lng/cm /%RH) in the thickness of adsorbed water.
Yoshimori et al (Japan, 1973) [70] measures water on metal samples by means of 
coulometric titration of water extracted from the surface into a carrier gas. Water 
adsorption on stainless steel surfaces range from 0.5 to 0.7 pg/cm2 for filed surfaces 
(roughness not specified) to 0.2 to 0.3 pg/cm for electro-polished surfaces. Water was 
extracted by heating to 100~120°C. Raising the extraction temperature to 400°C had 
little effect on the water released but at 800°C the water desorption increased by about 
30%. Extraction of hydrogen at 1100°C showed a concentration of about 3.8 ppm for all 
stainless steel samples. Determination of adsorbed water on aluminium surfaces at two 
humidities showed a co-efficient of 0.03 pg/cm /%RH. No time dependence of this 
humidity effect was measured.
Kochsiek (PTB, 1977) [71] discusses water adsorption on the surfaces of mass 
standards. The paper refers to historic data (Stromberg [115]) measuring a change of 
0.75pg/cm2 on a platinum surface for humidity change between 30 and 70%. The paper 
predicts a differential effect of about 10  micrograms when comparing platinum-iridium 
and stainless steel for a humidity change from 30 to 70% (ie about 3 ng/cm2/%RH). The 
work is presented in more detail in the paper of 1982 [72] (see below).
Kochsiek (PTB, 1982) [72] made studies of water adsorption on metal surfaces using 
gravimetric techniques to confirm theoretical calculations. Stainless steel, platinum- 
iridium brass and aluminium samples were examined; small samples ( < 2 0  grams) being
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used with large surface areas (approximately 70 cm ) of roughness (Rz) 0 .1  to 4 
micrometers. Examining the change of the platinum-iridium samples with increasing 
relative humidity showed a wide spread of results. The increase in the H2O adsorption 
layer occurs within a few hours of exposure to a higher humidity and is totally 
reversible indicating that the water is physisorbed on the surface. With oxidised metals 
such as brass and aluminium the original value of the sample was not re-achieved after 
exposure to higher humidity. Brass for example showed a change from 12% to 93% 
relative humidity of 0.9 pg/cm of which 0.25 pg/cm was permanent, indicating that 
chemisorption as well as physisorption may take place at the surface. The samples used 
showed very similar adsorptive behaviour with changing humidity showing a shallow 
curve between 12% and 93%. Aluminium showed the highest adsorption with stainless 
steel giving the lowest followed by platinum-iridium. In the approximately linear region 
between 20% and 80% RH the mass gain adsorption lines for stainless steel and 
platinum-iridium were approximately 3.3 ng/cm /%RH and 4 ng/cm /%RH 
respectively. The influence of surface roughness was investigated using stainless steel 
surfaces with roughness (Rz) 0.1 to 3 pm. An order of magnitude increase in the surface 
roughness only leads to an increase of about 0 .1  pg/cm (about one third) in the mass 
gain figure.
Kobayashi (NRLM, 1981) [73] reported data on tests performed on gas adsorption and 
its effect on the value of mass standards. The effect of variations in humidity on 
stainless steel weights showed a change of approximately 0.65 pg/cm2 for humidity 
change from 56% to 0% RH. The full weight loss was only achieved after 
approximately 30 days in still air at 0% RH (the weight loss following an approximately 
logarithmic curve). On increasing the humidity to 55% a corresponding weight gain of 
0.65 pg/cm2 was achieved with no time delay. Humidity effects on a nickel surface in 
an airflow of 200cm3/min. showed a weight loss of 0.75 pg/cm2 going from 75 to 38% 
RH, the total weight loss being realised in 8 hours. Weight gain was again immediate. 
Experimentation with aluminium and nickel foil in the range 30% to 70% RH showed a 
linear variation of mass change with humidity a value of 0.01 pg/cm /%RH being seen 
for both samples. Further experimentation was performed comparing platinum-iridium 
and stainless steel kilogram mass standards. An initial comparison was performed in 
vacuum (0.7 Pa) to provide a mass difference with “zero adsorption”. Comparing the 
weights again under ambient conditions at a humidity of 53% gave a difference of
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25 jug. Assuming equal adsorption per unit area for the two materials the adsorption is 
0.37 pg/cm2. Repeating the experiment with two stainless steel artefacts (of different
surface areas) the figure obtained was 0.38 pg/cm2. Further processing of the data
0  0 suggests a figure of 0.386 pg/cm for the stainless steel and 0.396 pg/cm for
platinum-iridium weight. For humidities in the range 42% to 67% RH the adsorption
coefficient is calculated as 9.2 ng/cm /%RH. Using linear regression of this data, a
correction of 0.01Spt -  (0.0092H -  0.103) pg/cm2 is suggested for comparison of
platinum-iridium and stainless steel kilogram weights (Spt is the surface area of the
platinum-iridium standard and H is the relative humidity). The negative intercept of the
extrapolated line with the adsorption axis (-0.103 pg/cm2) suggests that below about
10% RH (where the line is negative) desorption of further surface contaminants, in
addition to the water vapour, takes place. However, as this relies on extrapolation and
no data has been taken in this area this can only be conjectural. The thickness of the
adsorbed water layer at 60% RH is calculated as 15 molecular layers.
Ikeda (NRLM, 1985) [74,125] proposes a weighing scheme to minimise the propagation 
of errors due to adsorption of water vapour on mass standards. The paper states that 
ideally, given that the effect of surface adsorption cannot be reliably quantified, thought 
must be given to using a scheme of weighing which minimises surface adsorption 
effects. These effects are known to be of the order 0.3-1.0 pg/cm2.AH for weights of 
good surface finish (AH is the absolute change in humidity -  0.5 representing 50% RH 
change). A weighing scheme is proposed, involving sub-division by intercomparison 
within a set of weights, which minimises this effect.
Kuzmin et al (IMM, 1988) [75] have investigated the relationship between humidity and 
short-term changes in the values of mass standards. The paper suggest that the oxide 
layers on the surface of weights can crack due to thermal expansion and contraction of 
the weights resulting in a highly porous surface. Cylindrical kilogram weights of 
platinum-iridium and stainless steel and aluminium were compared under ambient 
conditions at relative humidities of 33%, 60% and 85%. The results suggest a correction 
of 0.079 mg on the comparison of stainless steel and platinum-iridium at 65% RH, 
reducing to less than 0.01 mg for comparison made in the range 0 to 40% RH. 
Analysing the results differently shows a linear change of 90 micrograms for platinum-
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iridium against stainless steel comparisons in the range 40% to 70% RH. This equates to 
a surface area dependence of 0.033 pg/cm2/%RH, given that the platinum-iridium and 
stainless steel surfaces behave in the same way. The effect is shown to be much smaller 
(1.9 ng/cm2/%RH) in the range 0% to 30% RH. Kuzmin therefore recommends that 
platinum-iridium against stainless steel comparisons be performed at relative humidities 
of 35% or less to maintain the uncertainty contribution less than 10 micrograms.
Glaser (PTB, 1991) [76] makes recommendations for the correction of mass standards 
for the influence of humidity. Making calculations based on earlier work 
(Kochsiek [71, 72], Kobayashi [73] and Kuzmin [75]) a second order polynomial is 
used to model the behaviour of polished stainless steel surfaces (Ra » 0.2 pm) for 
humidity in the range 25% to 65% RH. Using 45% RH as a datum the mass change is 
given by Am/A = 0.0106Ah + 2.38 x 10*4 Ah2 pg/cm2 where Ah is in %RH. This 
approximates to an adsorption coefficient of about 10 to 11 ng/cm2/%RH.
Quinn et al (BIPM, 1991) [77] have made gravimetric studies of the effect of 
environmental conditions (temperature pressure and humidity) on the surfaces of 
platinum-iridium mass standards. Using humidity in the range 38% to 55% RH the 
measured coefficient for mass gain was 1.1 ± 0.15 ng/cm /%RH. It is remarked that this 
is an order of magnitude less than reported in previous work. A longer-term drift of 
about 0.4 pg/month was also observed which is in line with that seen on newly 
manufactured kilograms.
Quinn et al (BIPM, 1993) [78] reports on further examination of platinum-iridium mass 
standards. A coefficient of 1.8 ± 0.6 pg/Ah is quoted for the effect of changes in 
humidity on a standard kilogram with a surface area of about 75 cm2 (ie. about
1.1 ng/cm/%RH, as reported previously). Temperature and pressure effects were 
negligible. The paper concludes that all effects can be eliminated with reasonable 
control of the laboratory conditions. Reproducibility of mass between ambient 
conditions and vacuum was also investigated. Two platinum-iridium weights of 
different surface areas were weighed alternately in ambient conditions and at a vacuum 
of 1 Pa, five measurements being taken overall. The paper reports that temperature and
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pressure coefficients were similar to those previously noted but the humidity coefficient 
was a factor of 1 0  greater.
Schwartz (PTB, 1994) [79] reports on the measurement of adsorption layers on stainless 
steel mass standards by ellipsometry. Using mass standards with a good surface finish 
(Rz <0.12 pm) the water adsorption layer was determined for humidity in the range 3% 
to 77% RH. The ellipsometer provides a resolution of about 0.001 pg/cm (0.15 pg on a 
1 kilogram stainless steel standard) but relies on a homogeneous surface contamination. 
The ellipsometer measurements correlate well with gravimetric determination of 
adsorption and give a predicted contaminant density of 1 400 kg/m3, the agreement with 
the true density of water (1000 kg/m ) being considered satisfactory. Sorption behaviour 
was found to be more heavily influenced by cleanliness than surface finish. 
Measurements made between 0% and 77% RH show a hysteresis loop indicating that 
some residual water remains on the surface even when the sample is returned to a 
nominally similar RH value. The hysteresis loop closes at 0 % RH indicating that all 
adsorbed surface water is desorbed. In the range 47% to 77% RH the adsorption rate is 
approximately 1 ng/cm /%RH.
Looking at sorption phenomena in vacuum Schwartz (PTB, 1994) [80] finds a 
reversible isotherm of 0.024 pg/cm for stainless steel weights going between ambient 
conditions at 30% RH and a medium vacuum (0.1 Pa).
Do (Kriss, 1996) [81] studied the water adsorption on polished stainless steel surfaces 
using ellipsometry. Results showed a linear (non-quantified) relationship between 
surface thickness and relative humidity except under extreme humidities (less than 1 0% 
and greater than 90%) where behaviour becomes asymptotic.
In further tests on mass standards Do et al (KRISS, 1996) [82] presents data on 
adsorbed mass on stainless steel weights using artefacts of different surface areas at 
atmosphere and in a moderate vacuum. The surface finish of the artefacts is better than 
0.3 pm (Rz). The weights have been compared at ambient pressure and at 0.02 Pa 
(2 x 10-4 mbar). Results show a reversible change between ambient (at 50% humidity) 
and vacuum of 0.35 pg/cm . The adsorption/desorption function showed a hysteresis
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with a width of 0.032 pg/cm . Investigation of humidity effects at ambient gave an 
effect of 1.6  ng/cm2/%RH.
Do et al (KRISS, 1997) [83] gives further data to the above concerning artefacts of 
better surface finish Rz < 0.16 pm, but found the results comparable with those of the 
original artefacts.
3.3.2.3 Section Summary and Conclusions
While the results for the effect of relative humidity on the value of mass standards 
appear variable the general behaviour reported is similar. Where measured, the effect on 
different materials (mainly stainless steel and platinum-iridium) is similar and certainly 
more consistent than the differences seen between the various reports. Similarly, the 
surface finish of the samples had a relatively small effect on the adsorption of water. 
The sorption isotherm for water appears to include some hysteresis but is approximately 
linear for normal humidity values (20% to 70 % RH). Values for the slope of this 
isotherm vary from about 1 ng/cm2/%RH to over 30 ng/cm2/%RH. Schwartz reported 
that surface cleanliness affected the adsorption of water (to a greater extent than the type 
of material or surface finish) but not enough to account for the spread of results. It must 
also be assumed that, where not reported, the tests were carried out on nominally clean 
samples. Measurements of the thickness of the water vapour layer with polarised light 
(ellipsometry) have been extensively used and shown to correlate well with gravimetric 
measurements made at the same time.
3.3.3 Cleaning of Mass Standards
3.3.3.1 Section Introduction
Quantitative data on the effect of cleaning mass standards is fairly recent. Existing long­
term gravimetric data has tended to suggest that cleaning of weights has a detrimental 
effect on long term stability and has been avoided unless absolutely necessary. The 
“history” of the stability of a mass standard is also lost if it is cleaned. With the increase 
in the resolution of weighing equipment more research has been carried out into the 
cleaning of weights since small changes can be more effectively measured and the
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return of a weight to a reference (clean) value is more important. In particular the 
reproduction of the BIPM nettoyage-lavage cleaning process at National Measurement 
Institutes has been investigated.
3.3.3.2 Published Data
Davis (NBS, 1985) [63], presenting data for the recalibration of the US national 
prototype kilogram, discuses the cleaning of the two platinum-iridium prototypes 
(numbers 4 and 20) held by the USA. Prior to 1970, attempts to clean the prototypes at 
the NBS have had extremely variable results and in some cases have led to the 
prototypes gaining weight by up to 20 pg. In 1983 both prototypes were cleaned by 
rinsing in baths of benzene and ethanol, followed by steam cleaning. Davis comments 
that rinsing in solvent baths was not as effective as rubbing with solvent-soaked 
chamois (as in the nettoyage-lavage process) since subsequent cleaning of the weights 
by the BIPM removed a further 21 and 31 pg.
Plassa et al (IMGC, 1990) [83] gives a generic figure of 0.02-0.05 pg/cm2/year for the 
contamination of standard weights and observes that this contamination can be removed 
by an “appropriate” cleaning procedure. Results for the heat treatment of stainless steel 
weights in vacuum are presented showing a large weight loss of 1 pg/cm2 for heat 
treatment at 450°C for a period of 48 hours. This was thought to be due to the removal 
of residual contaminants from the working/polishing procedure. A second heat 
treatment had no further effect. However, after 3 years exposure to laboratory air a 
repeat of the heat treatment process led to a weight loss of 0.3 pg/cm2 (a figure of 
0 .1  pg/cm2/year, greater than suggested at the beginning of the report).
Plassa et al (IMGC, 1991) [84] report on the results of steam cleaning of platinum- 
iridium. Unlike the BIPM nettoyage-lavage process this involves immersing the artefact 
so steam covers its entire surface. The duration of the process is several days and was 
used on small strips of platinum-iridium. Gravimetric results showed that the steam 
cleaning removed contaminants left behind by cleaning with solvent. The results were 
quite variable but showed an average weight loss of 0 .1  to 0 .2  pg/cm .
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Ikeda et al (NRLM, 1993) [85] made an analytical study of cleaning effects on 
prototype (platinum-iridium) kilograms using XPS measurements on small samples of 
the material. The techniques used were steam jet cleaning, similar to the process used by 
the BIPM as part of the nettoyage-lavage process, and ultrasonic cleaning using acetone 
and ethanol. Surface roughness (Ry) of the samples was 0.2 pm similar to that of the 
prototype kilograms. Results of the XPS measurements showed oxidation of platinum in 
air was not observed but an accelerated heat test showed oxidation of iridium to one 
monolayer. Steam jet cleaning (SJC) had no effect on the oxide layer. The atomic 
composition of the contamination was in the ratio C:0:H of 1:0.38:1.6. Carbonaceous 
contamination was found to consist mainly of hydrocarbons. This contamination 
increased with time after cleaning, with a greater increase soon after cleaning. SJC and 
ultrasonic cleaning (UCS) were compared with UCS being superior in reducing carbon 
deposits. Contamination remaining after cleaning was estimated at 24 pg for SJC and 
37 pg for UCS. The UCS sample however gained 16 pg in six months after cleaning 
whereas the SJC gained only 4.3 pg indicating that the cleaner surfaces accrete 
contaminants more quickly. The paper concludes that improvement in the conservation 
of the prototypes is far more important than cleaning in terms of maintaining the 
stability of mass standards.
Downes and Armitage (NPL, 1994) [8 6 ] report on the stability of stainless steel weights 
following their cleaning and hydrostatic weighing. The mass gain after cleaning was 
seen to follow an approximately reverse exponential curve, which for stainless steel 
kilogram weights reaches a maximum of 10 to 20 micrograms after 2 to 3 months after 
which the mass is “essentially stable”. Mass loss on cleaning was on average 60 to 
70 micrograms and so significantly larger than the mass gain seen in the 2 to 3 months 
after cleaning.
Schwartz and Glaser (PTB, 1994) [65] investigated cleaning procedures for stainless 
steel weights using mass comparison and ellipsometry. Five stainless steel weights with 
surface roughness (Rz) < 0.12 pg were used for the tests. The efficiency of the various 
cleaning methods varied but gave rise to mass losses between 70 and 100 pg but as the 
weights had previously been wiped with an “uncleaned” chamois to induce a mass gain 
no data on the previous contamination of the weights can be deduced.
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Pinot (INM, 1995) [87] made a gravimetric study of the effect of cleaning using 
kilogram mass standards manufactured from Alacrite (an alloy of cobalt with 
chromium, tungsten and nickel). For the study two platinum-iridium standards were 
used as reference weights. Pinot states that these were “quite stable” one having gained 
9  micrograms over a period of eight years during which it was regularly cleaned using a 
jet of pure nitrogen or by wiping with an optical cloth. The second platinum-iridium 
standard had lost 19 micrograms over a period of eight years but had been cleaned twice 
using the BIPM nettoyage-lavage process. Comparison of the Alacrite with the 
platinum-iridium took place in a sealed enclosure under controlled atmospheric 
conditions. Close study of the mass gain after cleaning of the Alacrite weights shows a 
rapid gain in mass varying logarithmically with time, the overall gain being about 
30 micrograms over 20 days. The initial contamination rate in the hours following 
solvent cleaning was about 0.1 pg/cm /day (1.2 pg/day). With each of the two Alacrite 
kilograms having been solvent cleaned three times (using ethanol followed by iso­
propanol) during the period 1984 to 1993 they have measured mass losses of 23 and 
18 micrograms. Contamination removed by cleaning ranged from 0.3 to 0.6 pg/cm but 
it is predicted that this is not solely due to removal of surface contamination but may 
also include the adsorption of some solvent. A repeat of the solvent cleaning soon after 
the first resulted in a smaller loss of 0.16 pg/cm .
Seah et al (NPL, 1994) [88,127] analyses the effect of environment and cleaning 
methods on stainless steel weights. A number of types of stainless steel (Immaculate V, 
En58AM and Nimonic 105) were examined, the results being similar for all three. 
Exposure to a laboratory environment leads to the formation of a stable oxide layer with 
a layer of carbonaceous contamination on top of it. This layer increases with time 
logarithmically resulting in a predicted increase on a kilogram weight of 15 pg 
(0.1 pg/cm2) after five years. The contamination rate will depend on the quality of the 
air and its flow rate. Boiling water and washing in a surfactant effectively removes the 
carbonaceous contamination to the level of one-day exposure. Boiling water was less 
effective and also modified the Fe oxide state at the surface.
Armitage et al (EUROMET, 1995) [89] summarised work performed at NPL (UK), 
PTB (Germany), INM (France) and IMGC (Italy) on weight stability over the period 
1988 to 1995. The results showed a wide variation between laboratories. Contamination
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rates for stainless steel weights after cleaning ranged from 0 .1 1  pg/cm /year to
1 .2  pg/cm /year for nominally similar kilogram weights.
Plassa (EUROMET, 1995) [90] reported on a survey of ten National Measurement 
Institutes on methods regarding cleaning stainless steel weights. The results of the 
survey showed the variety of weight conditions under which cleaning was thought 
necessary and also the wide range of cleaning methods employed.
Plassa and La Piana (IMGC, 1996) [91] report on cleaning and the determination of 
occluded gas in platinum-iridium alloys by heat treatment in vacuum. Results for the 
effect of cleaning on the samples show that surfaces cleaned with organic solvents show 
a mass decrease of 1 to 2 pg/cm2 depending on their original state. An additional steam 
cleaning for 48 hours gave a further mass reduction of about 1 pg/cm .
Cumpson and Seah (NPL, 1996) [92] investigate the carbonaceous contamination on 
platinum-iridium surfaces and cleaning using UV/ozone treatment. The paper notes that 
the mass gain of platinum-iridium weights is due to four components, oxides and 
hydroxides, water, carbonaceous contamination and mercury. The paper concludes that 
the elimination of carbonaceous contamination on platinum-iridium kilograms by 
improvement of storage conditions is impractical and to achieve greater stability in their 
value a more repeatable method of eliminating the contaminants is required. A process 
for cleaning platinum-iridium using ultraviolet light with ozone at parts per million 
concentrations is described in detail. The process reduced physisorbed carbonaceous 
contamination by about 80% (equivalent to about 2  micrograms on a prototype 
kilogram) but gave rise to an increase of oxides, hydroxides and carbides on the 
exposed substrate.
Plassa et al (IMGC, 1997) [93] report on the interaction of inorganic solvents with 
stainless steel (AISI type 304) weights. Samples were immersed in 0.2L ethanol, diethyl 
ether and 50:50 ethanol/diethyl ether mixture at their boiling points for 8  hours. The 
results combine gravimetric measurements with mass spectrometer analysis of the 
solvent solutions. Mass changes in the samples ranged from 0.13 to 0.7 pg/cm2. Results 
of the spectral analysis showed preferential dissolution of nickel and to a lesser extent 
chromium with solvents (as opposed to iron with water).
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Pinot (IMN, 1997) [94] has studied the effect of the BIPM nettoyage-lavage cleaning 
process on Alacrite mass standards. Normal stability of the weights has been seen to be 
1 to 2 jag/year. Previous studies by INM using alcohol cleaning had shown that residual 
deposits caused instability in the mass values of the weights. Using the BIPM 
nettoyage-lavage cleaning process two standards were cleaned a total of four times 
each. Mass changes for each successive cleaning were -42.8, -37, -0.1, and -4.0 pg for 
the first weight (it should be noted that nine months elapsed between the third and 
fourth clean presumably allowing accumulation of contaminants). For the second 
weight, changes were -19.1, -6.4, +12.2, and -2.3 pg. XPS analysis was performed on 
smaller samples of Alacrite cleaned with alcohol and using the BIPM process. Cleaning 
with alcohol left a heavy layer of contaminants, in particular in the form of C-OH 
carbon contamination. The use of steam cleaning following the solvent (BIPM method) 
eliminates part of the residue and is thought to stabilise the surface by water adsorption 
and oxidation.
Sharma et al (NPL India, 1998) [95] investigate the cleaning of platinum-iridium using 
secondary ion mass spectrometry (SIMS). Platinum-iridium samples cleaned using 
solvents, steam washing and a combination of the two were compared with an 
uncleaned sample. SIMS results showed that solvent cleaning increased elemental 
contamination of sodium, magnesium, calcium, potassium and iron. Hydrogen and 
oxygen and hydroxide contamination also increased. Subsequent steam washing had the 
effect of reducing the elemental contaminants back to the unwashed level. O and OH 
contaminants were still higher than the unwashed sample but carbon contamination was 
reduced. Silicon, present on the unwashed sample was effectively removed by all 
methods of cleaning. It is postulated that, although solvent cleaning is effective in 
producing a clean surface, the surface is more prone to air bom contamination. Steam 
washing after solvent cleaning may produce an oxide layer, which protects against these 
contaminants.
3.3.3.3 Section Summary and Conclusions
Given the number of different cleaning methods and the varying surface finishes and 
conditions dealt with, it is difficult to compare results. Pinot’s work with Alacrite has 
shown a large variation of results. Of the cleaning techniques investigated, heat
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treatment showed the largest mass loss but is generally impractical for mass standards. 
Ultrasonic cleaning using solvents was more effective than nettoyage-lavage style 
cleaning but was seen to modify the oxide layer and made the weights more unstable 
after cleaning. The steam cleaning part of the nettoyage-lavage has been shown to be 
important in removing residual solvent and in further cleaning the weight. On its own 
the steam jet cleaning is not so effective. Examining the figures for long term weight 
gain after cleaning, and for weight loss by cleaning after extended periods without 
cleaning, accretion rates of between 0 .0 2  pg/cm2/year and 1 .2  pg/cm2/year have been 
reported. The rate of mass gain will depend on storage conditions and amount of use as 
well as surface condition. The figure of 0.02 pg/cm2/year quoted by Plassa is equivalent 
to a mass gain of 1.4 pg/year for a platinum-iridium kilogram but is based on historic 
rather than experimental data and is closest to the figure of 1 pg/year recommended by 
the BIPM [15]
3.3.4 Examination of Surface Contamination of Weights and Metal Surface
3.3.4.1 Section Introduction
Work has been performed on both stainless steel and platinum-iridium samples to 
categorise the type of contamination that occurs both in air and in vacuum. The 
measurements have predominantly been performed using XPS and data recorded is 
qualitative rather than quantitative allowing only approximate estimates for the 
gravimetric effect on mass standards.
3.3.4.2 Published Results
Armbruster and Austin (USA, 1944) [96] report on the results of measurements of the 
adsorption of gas on smooth steel surfaces at temperatures in the range -193°C to -78°C 
with some data being gathered at 20°C. Results, obtained spectroscopically, showed that 
neither hydrogen nor neon was measurably adsorbed. Nitrogen, argon and carbon 
monoxide were all physisorbed in a monolayer on the metal surface. For all three gasses 
approximately 15% of the adsorbed volume remained on the surface when the pressure 
was reduced at constant temperature.
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Bergoglio et al (IMGC, 1988) [97] comment on the surface stability of stainless steel for 
metrological applications. Stainless steel surfaces have been examined using Auger 
spectroscopy and mass spectrometry combined with in-vacuum heat treatment. Mass 
gains for the samples maintained at room temperature in the laboratory were estimated 
as 0.12 pg/cm2/year over the 4-year period of the test. Thermal treatment of the 
specimens in vacuum lead to a mass loss, which was proportional to the length of time 
of contamination. A second heat treatment performed straight after the first had little 
effect on the mass of the specimens. Analysis of the outgassing from the samples by 
mass spectrometry showed H2O as the major component with considerable amounts of 
CO and CO2. Auger spectroscopy analysis of the sample surfaces showed carbon and 
oxygen contamination that was removed by heat treatment above 500°C. Returning the 
specimen to room temperature in vacuum lead to a reduction in the intensities of the 
metal peaks seen at 500°C and returning the specimen to air led to a rapid increase in 
the oxide contamination. The paper concludes that the observed surface contamination 
by carbon compounds was not effectively eliminated by solvent cleaning or exposure to 
vacuum and would only be removed by heat treatment. The specimens were seen to 
gradually re-contaminate on exposure to atmosphere.
Ikeda et al (NRLM, 1993) [85] made an analytical study of cleaning effects on 
prototype (platinum-iridium) kilograms using XPS measurements on small samples of 
the material. Surface roughness (Ry) of the samples was 0.2 pm similar to that of the 
prototype kilograms. Results of the XPS measurements showed oxidation of platinum in 
air was not observed but an accelerated heat test showed oxidation of iridium to one 
monolayer. Steam jet cleaning (SJC) had no effect on the oxide layer. The atomic 
composition of the contamination for the C, O and H groups was in the ratio 1:0.38:1.6. 
Carbonaceous contamination was found to consist mainly of hydrocarbons. This 
contamination increased with time after cleaning, with a greater increase soon after 
cleaning. SJC and ultrasonic cleaning (UCS) were compared with UCS being superior 
in reducing carbon deposits. The paper concludes that improvement in the conservation 
of the prototypes is far more important than cleaning in terms of maintaining the 
stability of mass standards.
Cumpson and Seah (NPL, 1994) [98] investigate the effect of mercury contamination on 
platinum-iridium and stainless steel weights. Samples of the materials were cleaned by
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sputtering, removing about 100 nm of material. These samples were exposed to various 
laboratory conditions for a period of 19 days. Analysing the samples using XPS at two 
angles the thickness of contaminants was measured. Mercury contamination was noted 
on the platinum-iridium samples, which was not present on the stainless steel. This sat 
below the carbon and oxygen contaminants seen with both materials. From the 
measured levels of mercury contamination the potential effect on a standard kilogram 
ranges from 0.8 pg to 14.2 pg. Washing mercury contaminated samples in ethanol and 
ultra pure water did not remove the contamination.
Cumpson and Seah (NPL, 1994) [99] study the long-term effects of mercury 
contamination on platinum-iridium mass standards, using a quartz crystal microbalance 
with platinum-iridium electrodes. The crystals were exposed to a saturated vapour 
pressure of mercury for a period of 23 days. Based on the measurement data, the 
calculated rate of mercury contamination for a 1 kilogram weight was 24.7 + 0.871 V/, t 
being the time of exposure in hours. The 1=0 value of 24.7 micrograms can be 
interpreted as the mercury taken up during an initial rapid adsorption and is roughly 
equivalent to a monolayer (28 pg). While the results from the crystal oscillator are not 
necessarily representative of the effect on a kilogram mass standard the results show 
that, after a relatively rapid taking up of a monolayer of mercury further increase in 
contamination is slower and increases with the square root of time. This further increase 
may be due to diffusion of the mercury into the substrate along dislocations and grain 
boundaries.
Yoshimori et al (Japan, 1973) [70] measures hydrogen in stainless steel samples by 
means of coulometric titration of the hydrogen extracted from the surface into a carrier 
gas. Extraction of hydrogen from filed, polished and electro-polished surfaces at 
1100°C showed a concentration of about 3.8 ppm for all samples.
Chung et al (KRISS, 1996) [100] examine the contamination of stainless steel in UHV, 
high vacuum and ambient conditions. The samples used had a surface roughness (Rz) of 
6-10 nm. Examining the surfaces of the samples by XPS shows that, after exposure to 
air for several weeks, oxides diffuse deeply into the surface of the sample. Fe-oxides 
appear above Cr-oxides in the stratification. Above the oxide layer contaminants are
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(thin layers of) COH and then CO followed by a thicker hydrocarbon layer at the 
surface. The paper concludes that oxides form soon after exposure to air and form a 
layer approximately equal to the mean free path of the photoelectron (approx. 17 nm). 
The thickness of the oxide layer is thought to depend on pressure rather than time of 
exposure. Subsequent mass change is thought to be solely due to adsorption of
3  m
hydrocarbons. Assuming the density of the hydrocarbon to be 2 500 kg/m and that it 
sits on a homogenous substrate of alloy and oxide the mass increase after 1 hour 
exposure to air would be about 17 micrograms on a 1 kilogram weight (0 .1 2  pg/cm ). 
This increased to about 19.5 micrograms (0.14 pg/cm2) after 2 weeks.
Shin (Kriss, 1996) [101] presented work on a study of the outgassing of stainless steel 
for various surface treatments. The conclusions of the work were that electrochemical 
polishing and dissociate hydrogen gas treatment reduce the desorption of water as well 
as carbon dioxide and nitrogen. Hydrogen gas treatment modified the carbon adsorption 
state relative to the untreated sample.
Chung et al (Kriss, 1997) [102] studies the surface contamination of stainless steel (fSUS v 
316) mass standards using X-ray photoelectron spectroscopy. Measurements on a 
contaminated surface relative to an argon sputtered surface show increase in carbon and 
oxygen but no other detectable contaminants. Results show carbohydrates forming a 
thin surface layer and metal oxides diffusing into the bulk of the stainless steel with 
exponentially decreasing composition rate. Comparing contamination rates for samples 
stored at ultra high vacuum, high vacuum and ambient shows largest oxygen (Ols) 
contamination at ambient with the rate of oxidation depending more on pressure than 
duration of exposure. Carbon contamination (predominantly hydrocarbons) shows 
increase with both pressure and time. Using angle resolved XPS techniques at five 
angles to examine the stratification of the contaminants gave the layer structure as 
substrate followed by metal oxide, metal hydroxide, Oxidised carbon contamination and 
hydrocarbon contamination. Assuming a homogeneous substrate of stainless steel and 
oxygen, with concentrations 29-30% Fe and 51-54% oxygen gave layer thickness of 
hydrocarbon of 0.189 to 0.224 X on a sputtered sample after 1 hour exposure to air - 
equivalent to 13 micrograms on a 1 kilogram weight (A, being the inelastic mean free 
path of the hydrocarbon contamination).
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Sharma et al (NPL India, 1998) [95] investigate the cleaning of samples of platinum- 
iridium using secondary ion mass spectrometry (SIMS). Contaminants found were Na, 
Ca, Mg, C, O and C2H3. Excepting the Na, all contaminants increased after cleaning of 
the samples. Depth profiling revealed that Na, Mg and Ca are also present up to 300 nm 
inside the surface of the substrate. C and O were found to be present mostly in the top 
most layer.
Chakraborty et al (USA, 1998) [103] reports on the use of time-of-flight SIMS (TOF- 
SIMS) to look at surface contamination of platinum-iridium surfaces. The surfaces of 
samples freshly cleaned and left in laboratory air for 2  years were compared with 
freshly sputtered samples. The sputtered sample showed traces of sodium and 
potassium, possibly due to the diffusion of these contaminants into the bulk material. 
The cleaned sample shows little of these elements suggesting that the cleaning process 
removes them. A wide variety of hydrocarbons and oxygenated hydrocarbons were 
observed. The sample exposed to laboratory air for two years shows the same 
contaminants but the oxygenated hydrocarbons have increased with respect to the non­
oxygenated hydrocarbons.
Zerrouki et al (BNM-INM, 1999) [11] report on the effect on nanometric roughness on 
the BIPM nettoyage-lavage washing technique. Four 1-kilogram weights manufactured 
from Alacrite (an alloy of cobalt with chromium tungsten and nickel) were studied 
using an optical scattering technique before and after washing. Scattering was observed 
to be much less following a first washing and to a smaller extent after a second washing. 
Gravimetric studies show showed variable results on cleaning one weight (06) losing 
42 pg on the first wash and 38 pg on the second another (05) losing 18 pg then 8  pg. 
This variation has been attributed to an increased surface roughness for the former 
weight despite identical manufacturing conditions).
3.3.4.3 Section Summary and Conclusions
The results of surface analysis (and analysis of residual gas) show broadly similar 
results for all tests. Armbruster’s results suggest monolayers of nitrogen, argon and 
carbon monoxide on steel surfaces. The remaining results, obtained using XPS and 
AES, suggest fairly stable oxides of the substrate (mainly iridium in the case of Pt-Ir),
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which may diffuse into the substrate with time. Chung suggests that the depth of these 
oxide layers depends on pressure rather than exposure time. Carbonaceous 
contamination appears above the oxide layer with hydrocarbons being the thickest layer 
and being nearest the surface. Additionally, Cumpson and Seah report mercury 
contamination of platinum-iridium surfaces. In a mercury-rich environment the rapid 
accumulation of a monolayer of mercury contamination is followed by gradual diffusion 
into the substrate. Sharma using SIMS measurements found detected a large number of 
metallic contaminants such as sodium, magnesium and calcium that seemed to be 
introduced by solvent cleaning. Subsequent TOF-SIMS measurement showed that, 
while the elements were still present in the original sample, they could be removed by 
cleaning. Optical measurements by ellipsometry and light scattering techniques have 
proved useful in estimating the depth of surface contamination (and water sorption) but 
not in identifying the type of contaminant.
3.3.5 Outgassing of Surfaces in Vacuum
3.3.5.1 Section Introduction
The effect of vacuum exposure on metal surfaces is important for the construction of 
ultra high vacuum (UHV) apparatus. Stainless steel has been shown to perform well at 
UHV with minimal outgassing. The backing of vacuum vessels at temperatures up to 
800°C has also been shown to reduce the subsequent outgassing of materials in vacuum. 
Over the past 10 years some experimentation with weighing in vacuum has been 
undertaken, predominantly with stainless steel and platinum-iridium artefacts.
3.3.5.2 Published Results
Perkins (USA, 1973) [104] discusses permeation and outgassing of vacuum materials. 
The performance of stainless steel in vacuum is analysed and concludes that even 
material baked at 300°C for 24 hours exhibits residual hydrogen outgassing due to sulk 
diffusion of the gas remaining from the manufacturing process. Outgassing of oxidants 
such as O2, H2O and CO2 was negligible following baking.
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Calder and Lewin (CERN, 1966) [105] propose methods to reduce outgassing of
19 9stainless steel at ultra-high vacuum. An outgassing rate of 10' torr/cm /sec was seen 
after normal bakeout, 99% of the gas being hydrogen. Baking a high temperature 
(1000°C) is suggested as a method for reducing the outgassing rate.
Robens (1980) [106] surveys physical adsorption studies using vacuum microbalances. 
The paper recommends the use of a high surface area to weight ratio for the specimens 
under examination but stresses that the physical nature of the surface must be examined. 
Since physisorption may also involve irreversible processes such as capillary 
condensation temperature and pressure (as well as humidity) must be controlled. Data 
on the water adsorption isotherm is presented. Water is present on any surface that has 
been exposed to air and requires baking in vacuum to totally remove it.
Robens (1986) [107] describes the requirements for apparatus to be used for mass 
determination in vacuum used in association with the generation of clean surfaces and 
the measurement of thin film deposition. Several types of balances are discussed 
including strain gauge balances, spring balances and piezoelectric and magnetic 
resonators. For a combination of large capacity and sensitivity the paper concludes that 
an electromagnetic force compensated balance offers the best performance.
Koch (NBS, 1978) [108] describes the calibration of artefacts for the direct 
measurement of air density using an evacuated weighing chamber. Platinum-iridium foil 
weights and solid and hollow stainless steel weights were repeatedly weighed inside an 
evacuated container at about 15 Pascal. The platinum weights showed a standard 
deviation of 48 micrograms on a weight of approximately 17 grams. This was about 
three times the standard deviation obtained on stainless steel weights of a similar value. 
No detained description of the platinum weights is given but it can be assumed that, 
being foil weights, their surface area was much larger than that of the stainless steel 
weights.
Davis (NBS, 1988) [109] reporting on the measurement of a piston-gauge weight in air 
and in vacuum states that a change of up to 0 .2  in 1 0 6 in the mass of the piston can be 
experienced between weighings in air and in vacuum.
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Glaser et al (PTB, 1991) [42] report on the measurement of air density artefacts using a 
1 kilogram mass comparator in vacuum. The experiment involves weighing stainless 
steel artefacts of different volumes in air and in vacuum (to measure the buoyancy effect 
of the air). Weighings in vacuum performed on two separate occasions agreed to better 
than 1 microgram. The effect of surface sorption influences were measured by means of 
artefacts with different surface areas and found to be 0.21 pg/cm ± 0.09 pg/cm on first 
exposure to vacuum. A second exposure resulted in a mass loss of about one third of 
this value (0.07 pg/cm2), which was assumed to be because an incomplete surface layer 
had been built up on the weights in air following the first vacuum weighing.
Plassa et al (IMGC, 1993) [110], on dissolved gas in metal alloys, further reports a 
linear relationship between mass reduction and volume to area ratio with values o f-3.5 
pg/cm2 at a V/A ratio of 0.09 cm and -9.5 pg/cm2 at a V/A ratio of 0.0.18 cm. These
aresults are for samples baked at 800°C. For a standard kilogram the volume (46.5 cm ) 
to surface area (71.7 cm2) ratio is approximately 0.65 cm, but as the samples studied 
were very small (and at high temperature) the mass loss values should not be 
extrapolated. Analysis of the components of the occluded gas showed hydrogen, carbon 
monoxide and water. The ratios of these gases varied between thin and bulk samples. 
The thin samples had more CO (35%) than H2 (19%) with approximately 18% H2O. 
The bulk sample had 43% H2 and 23% CO with similar water to the thin sample. Other 
components noted (H, C, CH4 and CO2) were all more significant for the thin samples 
(but in both cases less than 1 0% of the overall desorbed gas).
Quinn et al (BIPM, 1993) [78] following experimentation on the effect of humidity on 
the value of mass standards reports that subsequent exposure to vacuum showed an 
order of magnitude increase in the humidity effect previously observed. This would 
result in a change in mass of -0.24 pg/cm on transfer from normal atmospheric 
condition (45% RH) to vacuum.
Li and Dylla (USA, 1994) [111] model water outgassing for metal surfaces, by 
measuring pressure variations in a chamber vented to water vapour at various pressures 
for various lengths of time. The paper concludes that bakeout (at 160°C) has little effect 
on the outgassing rate. The adsorption rate was found to be inversely proportional to the 
time of exposure. Further work [114] indicates that the adsorbed quantity is a linear
56
function of the natural logarithm of the exposure time and that the short term outgassing 
rate from a saturated surface varies with the inverse of time (a result of 1/t0 5 was 
predicted).
Following on his work on ellipsometry and humidity effects on mass standards (section 
3.4.1) Schwartz (PTB, 1994) [80] looked at sorption phenomena in vacuum for stainless 
steel weights using the same techniques. A reversible isotherm with a coefficient of 
0.024 ± 0.005 pg/cm2 was found going from ambient pressure (at 30% RH) to vacuum 
(at 0.1 Pascal). For uncleaned surfaces the coefficient rises by a factor of 2.5. Below 
0.1 Pa (1 x 10'3 mbar) irreversible adsorption occurred at the rate of approximately 
0.012 pg/cm2/day which was independent of surface cleanness. This effect was 
attributed to sorption of oil particles originating from the turbo molecular vacuum pump 
used.
Ishikawa and Yoshimura (1995) [112] investigated the importance of the oxide layer in 
outgassing from stainless steel. The paper concludes that at below 250°C outgassing is 
predominantly hydrogen. The surface oxide layer formed by oxidation in air is 
predominately iron oxide that reduces the carbon contamination on the surface and 
therefore the carbonaceous outgassing species.
Elsey (RAL, 1995) [113] reports on the outgassing of vacuum materials. The three 
processes by which outgassing takes place (desorption, diffusion and permeation) are 
described. It is stated that a room temperatures the desorption of physisorbed species 
(adsorption energies of less than 10 kcal/mole are outgased very quickly). Gas 
desorption quantities of as much as 1 0 0  molecular layers from metal surfaces at room 
temperature are attributed to oxide layers on the surface containing many small fissures.
Tarbeyev et al (MIM, 1995) [44] report on the use of a mass comparator at different 
pressures. 2 0  gram weights manufactured from brass and glass were compared on a 
mass comparator in a sealed chamber at pressures of 400 and 800 mm Hg (0.53 and
1.06 bar). The discrepancy between the results at the two pressures was 6  micrograms, 
which was within the standards deviation of the balance.
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Do et al (KRISS, 1996) [80] presents data on adsorbed mass on stainless steel weights 
using artefacts of different surface areas at atmosphere and in a moderate vacuum. The 
surface finish of the artefacts is better than 0.3 pm (Rz). The weights have been 
compared at ambient pressure and at 0.02 Pa (2 x HP4 mbar). Results show a reversible 
change between ambient (at 50% humidity) and vacuum of 0.35 pg/cm . The 
adsorption/desorption function showed a hysteresis with a width of 0.032 pg/cm .
Plassa and La Piana (IMGC, 1996) [91] report on cleaning and the determination of 
occluded gas in platinum-iridium alloys by heat treatment in vacuum. Heat treatment of 
samples at temperatures of 600°C to 800°C showed that treatment at 600°C was 
insufficient to remove occluded gas in a reasonable time. Treatment at 700°C and 
800°C provided the same mass decrease with the higher temperature achieving the 
removal of occluded gas more rapidly. Higher temperatures were avoided because of 
possible reconstruction of the alloy surface. Occluded gas content ranged from 6 pg/g to
14 pg/g.
Calcatelli et al (IMGC, 1997) [6 6 ] further discus the adsorption/desorption of 
contaminants on platinum-iridium mass standards, summarising previous results. 
Summarising the results of the BIPM investigation into adsorption in ambient 
conditions the paper states that the effects were negligible under normal atmospheric 
conditions. Results recorded during the third periodic verification of the kilograms 
showed cleaning removed about 1 pg per year elapsed since the last clean. Mass gain in 
the first months after cleaning was 0.027 pg/day. Studies at IMGC on the effect of 
cleaning on platinum-iridium samples showed 1 -2  pg/cm2 with solvents and an 
additional 1 pg/cm achieved with steam cleaning. Heat treatment at 700°C (over
15 days) or 800°C (5 days) was required remove occluded gas from platinum-iridium 
samples, a mass loss of about 6  pg/g (equivalent to 6  mg on a 1 kg mass standard) being 
achieved. Outgassing tests showed the main components as hydrogen, carbon monoxide 
water and carbon dioxide.
3.3.5.3 Section Summary and Conclusions
Much data exists on the benefits of baking vacuum apparatus to reduce outgassing. 
Plassa and Calcatelli have shown the presence of occluded gas in platinum-iridium by
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heat treatment of samples of the material, removing as much as 14 pg/g from the 
material. Although this is a significant mass change (equivalent to 14 mg on a 
1 kilogram mass standard) removal of this amount of gas required heat treatment at 
800°C for several days and, given existing data on outgassing of metals (Robens and Li) 
it is unlikely that the mass change due to this phenomenon will be significant for 
platinum-iridium weights exposed to vacuum at room temperature, even for long 
periods. Glaser (stainless steel) and Quinn (platinum-iridium) both report a mass change 
of about 0.2 pg/cm2 for weights used in vacuum, Glaser reports a smaller change of 
0.07 pg/cm2 on subsequent exposure. Similar results for stainless steel are reported by 
Do (0.35 pg/cm2) who also sees hysteresis in the results. Schwartz, however, reports a 
value of 0.024 pg/cm2 for stainless steel but states that this can rise (to about 0.058 
pg/cm2) for uncleaned surfaces. The values reported appear to be largely independent of 
material and depend more on surface condition. The value reported by Schwartz 
represents approximately 1 monolayer of water on the surface of the weight.
3.4.6 Conclusions from published measurements
Published data on long-term stability, humidity effects and the effectiveness and 
reproducibility of cleaning methods shows a very wide spread of results. Even 
measurements where the parameters are comparable (such as those on the humidity 
dependence of mass) have shown variations of two orders of magnitude. The data from 
the surface analysis of platinum-iridium and stainless steel samples exhibits qualitative 
agreement, with all analyses showing carbonaceous and oxide contamination.
3.5 Review and evaluation of historic NPL data on platinum-iridium mass 
standards
The historical data for the calibration of kilogram 18, the UK national standard is given 
in table^.The table shows calibrations carried out by the BIPM and the cleaning 
procedures used (if any) before the measurements.
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1 2 3 4 5 6 7 8
Date Mass 
1 kg + 
(Pg)
Cleaning method Mass
Change
(Pg)
Elapsed
time
(Years)
Mass gain 
(pg/year)
Adjusted 
Mass gain 
(pg/year)
Notes
1889 70 Solvent (BIPM)
Jan 24 51 Solvent (NPL) 19 35 0.54
Oct 33 58 Not cleaned 7 9 0.78
Sep 46 106 Not cleaned NPL measurement
Oct 48 141 Before cleaning
Nov 48 71 Nettoyage- 
lavage (BIPM) 70 59 1.19 1.08
Mass change relative 
to 1889 value
Jan 61 59 Solvent (NPL) 12 13 0.92
Mar 78 105 Before cleaning
Apr 78 59 Nettoyage- 
lavage (BIPM) 46 17 2.71 2.43
Mass change relative 
to 1961 value
Nov 84 76 Before cleaning 17 6 2.83 1.97
Mar 85 57 Nettoyage- 
lavage (BIPM) 19 6 3.17 2.37
Jun 91 75 Before cleaning 18 6 3.00 2.17
Oct 91 53 Nettoyage- 
lavage (BIPM) 22 6.5 3.38 2.70
Oct 97 61 Not cleaned
8 6 1.33 -0.58
Poor agreement with 
all predicted values
Dec 00 71 Not cleaned 10 3.2 1.96 1.32 Mass change relative 
to 1991 value
Pre 1961 Av. 0.86
SD 0.27
Post 1961 Av. 2.84 Av. 2.00
SD 0.50 SD 0.60
Table 3.1 Historical data on the calibration of the UK national standard
(kilogram 18)
The mass gain per year has been calculated, where this is possible, from the data 
available. For the 1948 values, interim cleaning by NPL has been ignored since its 
effectiveness is questionable compared with the BIPM cleaning. Examining the 
calculated data for the mass gain per year (column 6) shows a noticeable trend with data 
before 1961 giving an average mass gain of less than 1 pg/year but subsequent data 
giving about 3 pg/year the standard deviation on both sets of data being 0.5 pg/year or 
less. The reason for the increased mass gain rate may be due to the improved cleaning 
method (nettoyage-lavage) adopted by the BIPM in the late 1940s or alternatively due
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to the increase in the contaminants (particularly long chain hydrocarbons) in ambient 
air, but most likely a combination of the two. The mass gain over the last period (1991 
to 2000) appears slightly less than that for the previous data (about 2 pg/year compared 
with an average of 3 pg/year for the previous data). This may be due to the increase use 
of the weight over this period causing loss of mass due to surface abrasion. An interim 
value of 1 kg + 61 pg for the mass of kilogram 18 is given in 1997. The mass gain/year 
figures calculated from this value (1.33 pg/year) show relatively poor agreement with 
all the other data and has been ignored. Using the mass gain value of 1.96 pg/year 
calculated for the period 1991 to 2000, a value of 1 kg + 64.8 pg is predicted for 
October 1997, the agreement between this and the value measured by the BIPM (+61 
pg) is within the quoted uncertainty (± 4.0 pg) but not I good agreement.
Lewis and Havard [14] reported on the mass gain of kilogram 18 over a period of 15 
months immediately after cleaning by the BIPM. This model predicts a gain of 7.2 
micrograms after the first year. Using this figure to correct the mass gain data in Table
3.1 to reflect the rapid mass gain after cleaning and, assuming a linear mass gain after 1 
year, gives the figures shown in column 7. Interestingly, this set of data show a wider 
spread than the data assuming a linear mass gain from the cleaned value. This suggests 
the data reported by Lewis and Havard (based on the measurement of the mass gain of 
only one weight) may be anomalous. Indeed, most National Measurement Institutes use 
a linear gain model, often making a one-off step correction to account for the rapid mass 
gain after cleaning.
Using the equation suggested by Lewis and Havard:
Mass gain = 0.356 097 x t 0 511678 gg........................................................ (3.1)
(with t in days)
to calculate the mass gain for kilogram 18 we can compare the predicted values with 
those measured by the BIPM. Table 3.2 gives these two sets of data for calibrations 
since 1948.
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1 2 3 4 5 6 7
Date Mass 
1 kg + 
(pg)
Cleaning method Elapsed
time
(Years)
Mass
Change
(Pg)
Predicted 
mass gain 
(Pg)
Difference
(5-6)
(Pg)
Jan 61 59 Solvent (NPL)
Mar 78 105 Before cleaning
Apr 78 59 Nettoyage- 
lavage (BIPM) 17 46 31.1 14.9
Nov 84 76 Before cleaning 6 17 18.2 -1.2
Mar 85 57 Nettoyage- 
lavage (BIPM) 6 19 18.2 0.8
Jun91 75 Before cleaning 6 18 18.2 0.2
Oct 91 53 Nettoyage- 
lavage (BIPM) 6.5 22 19.0 3.0
Oct 97 61 Not cleaned 6 8
Dec 00 71 Not cleaned 3.2 10 13.2 -3.2
Table 3.2 Mass gain predicted by Lewis and Havard compared with
actual mass gain
The figures show reasonable agreement over the short term but the agreement is much 
poorer for the one longer term (17 years) piece of data indicating that the equation does 
not give a good long term prediction of mass gain for kilogram 18. This emphasises the 
need for a means to assess the mass gain due to contamination as the weighing data has 
show the variability of the results and the difficulty of mass gain prediction.
Examining the data in Table 3.1 for the BIPM values for kilogram 18 immediately after 
cleaning shows good repeatability of value for the clean weight. Figure 3.1 shows a 
graph of the values of the standard after cleaning together with error bars representing 
the uncertainty quoted by the BIPM at the time of calibration. The repeatability of the 
value for kilogram 18 after cleaning shows that there is little or no irreversible build up 
of accreted material on the weight which is not removed by the BIPM nettoyage-lavage 
process. However, the reproducibility of this “clean” value, particularly without 
returning the weight to the BIPM, presents a problem.
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Figure 3.1: Values quoted by the BIPM for measurement of 
kilogram 18 after cleaning
While a knowledge of the value (and uncertainty) of kilogram 18 after cleaning are 
important in giving an idea of its long term repeatability the value is only of use if 
either;
1. The cleaning process can be applied repeatably each time the weight is to be 
used
Or 2. The mass change of the weight after cleaning can be predicted accurately.
Experimentation to reproduce the BIPM nettoyage-lavage cleaning methods in other 
laboratories has shown highly variable results (see Section 3.3.3). Similarly the limited 
amount of historic data on the stability of platinum-iridium kilogram weights (Section 
3.3.1) has shown a wide variation of results, dependant on both storage conditions and 
on the properties of the kilograms themselves.
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3.6 Overall Conclusions
Published data indicates the difficulty in achieving a reproducible measurement both in 
terms of cleaning weights, adjustment for the effect of humidity and in the long-term 
stability of weights. These problems are accentuated at the national standard level where 
there is little or no means for checking the values of the platinum-iridium used to define 
the scale except when returned to the BIPM for periodic re-verification. Given that this 
procedure takes place every ten years at best extrapolation of the mass value reported by 
the BIPM becomes vital. Very little data exists on the variation of national standard 
kilograms between the values reported by the BIPM to the NMIs because of the lack of 
a datum against which to measure the mass changes. The alternative to estimating the 
mass change between calibrations is to replicate the value measured by the BIPM by 
cleaning the weight. Reported data suggests that the effect of cleaning weights is 
extremely variable. Given that it is difficult to check the cleaned value of a national 
standard without returning it to the BIPM and that cleaning is known to reduce the 
short-term stability of the weight the benefits of in house cleaning of national standard 
kilograms are limited. Analysis of NPL data for the UK national standard (kilogram 18) 
shows that its long-term stability (in its cleaned condition) is good. Prediction of its 
value between cleaning and calibration by BIPM is more difficult. Assuming a linear 
accretion of mass with time gives the best fit to the limited data available. However 
measurement of kilogram 18 after cleaning by the BIPM in 1985 shows a rapid 
exponential increase in weight, equivalent to 7.2 micrograms over the first year. 
Assuming this behaviour each time kilogram 18 was cleaned, however, worsened to fit 
of the data from the purely linear model.
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CHAPTER 4: Weighing in Vacuum Facility and Mass Standards
4.1 Chapter Summary
This chapter describes the design and construction of the weighing in vacuum facility 
central to the mass measurements performed as part of this research. It also outlines the 
design of the artefacts used to investigate the stability of weights stored in and 
transferred to vacuum. The manufacture of these artefacts is described in detail 
particularly the process involved in the production of the platinum-iridium weights, 
which included two official copies of the International Prototype of the Kilogram.
4.2 Experimental design
The purpose of constructing a weighing in vacuum facility was to examine the effect of 
long-term storage in vacuum on the stability of standard weights. The step change in 
mass experienced on the transfer of weights between ambient conditions and vacuum 
would be quantified in order to provide traceability for weights used in air to a standard 
stored in vacuum. It was decided to perform the experimental work using kilogram 
weights because:
• . This is the level at which the unit is defined
• In terms of relative accuracy the lowest uncertainty (better than 1 part in 109) could 
be achieved on measurements made at this level
• Expertise already exists in the manufacturing and finishing of kilogram mass 
standards of both stainless steel and platinum-iridium
Apart from the smaller surface area to weight ratio, the main drawback with operating at 
the kilogram level rather than with smaller value weights was the cost of the equipment 
and especially of the large number of platinum-iridium artefacts that would be required.
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4.3 Mass Comparator
The balance selected for the weighing in vacuum facility was a Mettler HK1000MC 
mass comparator. This along with the Sartorius C1000S represents the state of the art in 
commercial balance technology. Both balances are computer controlled and include a 
carousel mechanism that allows the automatic comparison of four weights. The 
resolution of both balances is 0.1 pg (equivalent to 1 part in 1010 on a one kilogram 
weight) allowing the detection of the very small changes in weight, which would occur 
during the transfer of weights into and storage of weights in a vacuum environment. The 
Mettler balance was chosen since:
• Mass Section at NPL already had experience with this type of comparator
• A similar balance was already owned by NPL, which could be used (in air) to exactly 
mimic the weighings in vacuum
• The performance of the balance both in terms of flexibility of weighing sequence and 
repeatability was superior to the Sartorius [7]
• The balance construction means that it would require only minor modification for use 
in vacuum
• The position of the motors used to drive the weight exchanger would allow them to 
be situated outside the vacuum chamber
The balance has an asymmetric beam with a fixed counterweight. Weights built into the 
balance can be selected in combination to allow any load to be placed on the weighing 
pan. The weight of the test object and the selected built in weights should add up to 1 
kilogram in order to balance the counterweight. Thus the balance always works at 1 
kilogram load. Small differences (up to 100 milligrams) between the weights being 
compared on the carousel are compensated by a solenoid device. The solenoid operates, 
via a closed loop feedback system, to restore the balance beam to a horizontal position, 
sensed by a split photo-diode optical sensor. The electrical output from the solenoid is 
calibrated using a 100 milligram calibration weight built into the balance. The balance is 
thus able to display a weight difference in milligrams calculated from the output of the 
solenoid.
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The Mettler HK1000MC mass comparator and its weight exchange carousel are shown 
in Figure 4.1. A full specification for the comparator is given in Appendix 1.1 of this 
thesis.
Figure 4.1: Mettler HK1000MC mass comparator
4.4 Vacuum Enclosure
To allow it to be used in vacuum, an enclosure was designed to accommodate the 
balance. Additionally a load-lock was added to allow for weight transfer to and from 
vacuum. This arrangement would not only allow the comparison of weights in vacuum 
but the addition of a load-lock meant that weights could be transferred between ambient 
and vacuum conditions while maintaining the balance, and standard weights, at vacuum. 
Other facilities for weighing in vacuum already existed at other National Measurement 
Institutes [42-45] but these only consisted of a single chamber which required bringing
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up to atmospheric pressure to exchange weights and pumping down to vacuum to 
compare them (with an associated time delay of a few days for the balance to become 
stable after out-gassing). The use of a load-lock allowing the balance to be maintained at 
vacuum not only meant that the balance could be used almost continuously but allowed 
long term storage of weights in vacuum conditions. Additionally the behaviour of 
weights transferred into and out of vacuum could be investigated in detail.
The chamber designed to enclose the balance is shown in Figure 4.2. It was designed as 
a rectangular box just large enough to accommodate the balance. This minimised both 
the external size of the chamber and the internal surface area (and therefore the 
outgassing). It was decided to construct the chamber from aluminium rather than the 
more usual steel to minimise magnetic effects on the balance. The sensing element of 
the balance takes the form of a solenoid and, while it has been shown to be relatively 
insensitive to stray magnetic fields [46], it was decided to use aluminium for the 
chamber because of its proximity to the sensing element. Additionally, since cold 
cathode vacuum gauges and magnetic bearing vacuum pumps (both of which contain 
large permanent magnets) were to be used, the liability of a chamber manufactured from 
steel becoming magnetised was high.
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Figure 4.2: Design of vacuum enclosure for HK1000MC mass comparator
The chamber is split around the middle and the top section is removable to allow access 
to the balance should it require servicing. A sight glass in the front of the chamber 
allows the carousel and loaded weights to be viewed. Two plates on the side of the 
chamber give connections for the vacuum gauges and ancillary equipment and electrical 
feed-throughs for balance control and for temperature and humidity sensors for use with 
the chamber at ambient pressure.
The load lock is attached to the main chamber via a 160mm diameter gate valve. The 
balance, main vacuum chamber and load-lock are located on a granite block of 
dimensions 1500 x 1000 x 150 mm weighing approximately 600 kilograms. The granite 
is supported on brick pillars and the entire assembly is isolated from the surrounding 
laboratory floor.
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4.5 Load-lock
The design of the load-lock, to allow weight transfer between ambient and vacuum, is 
shown in Figure 4.3. The vacuum assembly was designed using standard, off-the-shelf, 
vacuum components made of stainless steel. This assembly was designed to contain the 
raise/lower and translation mechanism with which to load and remove weights from the 
balance carousel. The load-lock has two sight glasses to allow loading and centring of 
the weights on the translation mechanism for transfer onto the balance. Pressure in the 
load-lock is measured using a Penning vacuum gauge.
Figure 4.3: Design for load-lock (attached to main chamber)
Figure 4.4 shows the design of the transfer mechanism and the modified balance 
carousel. The mechanism is held within the load-lock and allows lateral and raise/lower 
motion to allow remote loading of weights onto the balance.
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Figure 4.4: Weight transfer mechanism housed in load lock
A cam system was used to raise and lower the weights, with the lateral movement being 
achieved with a coarse pitch lead screw. Given the relatively low loading involved all 
bearings were solid bush type using brass and stainless steel. Although not as smooth as 
ball type bearings, bush bearings can operate without lubrication due to the different 
contact materials used (steel on steel contact under vacuum conditions could result in 
localised welding).
4.6 Modifications to the Mettler mass comparator
As stated in Section 4.3 the Mettler HK1000MC mass comparator requires little 
modification to allow it to be used in vacuum. The main change made was to disconnect 
the stepper motors, which control the rotation and raising of the carousel mechanism, 
and to move them outside the vacuum enclosure connecting them to the carousel via 
vacuum tight mechanical feed-throughs. As a major source of heat it was thought 
sensible to locate the motors externally due to the low heat dissipation experienced in 
vacuum. The only other potential heat source inside the enclosure was the solenoid- 
sensing element, which it was not practical to remove from the balance. The manual 
controller for carousel movement was removed from the carousel and located outside
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the vacuum chamber, connected to the carousel via electrical feed-throughs. 
Connections for use of the balance under computer control were similarly made through 
vacuum tight electrical feed-throughs.
Apart from moving the drive motors, all the superfluous heat shielding and covers were 
removed from the balance and carousel. As the balance was to be used in vacuum these 
were unnecessary and their removal reduced the number of surfaces that would 
contribute to outgassing within the chamber. The final modification made to the balance 
was to redesign the carousel to allow remote loading and unloading of weights. The 
standard carousel shown in Figure 4.5 was replaced with the slotted version shown in 
Figure 4.6 to allow weight loading using the weight transfer mechanism in the load- 
lock.
Figure 4.5: Original carousel plate Figure 4.6: Replacement carousel plate
Evaluation of the HK1000MC balance [7,9] has shown that its performance is 
influenced by the repeatability of positioning of the weight onto the balance pan from 
the carousel. This requires the carousel to have good vertical rigidity. Having modified 
the carousel profile to allow weight loading and, given that it could not be made any 
thicker than the standard one, strengthening fins were built into it to increase its rigidity 
and allow repeatable positioning of the weight. Figure 4.7 shows the transfer 
mechanism, the modified carousel and a weight being transferred. Note that the picture
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shows a weight being transferred under ambient conditions; in practice this transfer 
takes place in vacuum within the balance vacuum chamber.
Figure 4.7: Weight transfer mechanism
4.7 Vacuum pumps, gauges and ancillary equipment
Figure 4.8 shows the layout of the vacuum system used for this work.
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Figure 4.8: Layout of the vacuum system
Magnetically levitated turbo-molecular vacuum pumps with rotary backing pumps were 
chosen for the evacuation of the main chamber and load-lock (one pumping system on 
each component). These pumps were selected because of the absence of possible 
contamination, particularly from hydrocarbons, since the magnetic bearings require no 
oil. The pumps also operate at very low vibration levels, again due to the magnetic
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bearings, so disturbance to the balance, which is known to be vibration sensitive [47], 
was minimised. Two standard rotary pumps were used to generate the backing pressure 
required by the turbo-molecular pumps (10'2 mbar) and these were connected via 
alumina adsorption traps to reduce hydrocarbon contamination from the pumps. 
Pressures in the main chamber and load-lock were measured using Penning cold cathode 
ion gauges. A quadrupole mass spectrometer was also connected to the main chamber 
allow monitoring of the composition of the vacuum for unexpected contaminants. 
Figure 4.9 shows the assembled weight exchanger, balance and the base of the main 
vacuum chamber.
Figure 4.9: Weight exchanger, balance and main vacuum chamber base
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4.8 Commissioning the equipment
4.8.1 Performance of the balance in air
Having installed the balance and weight exchanger in the base section of the main 
vacuum chamber, the balance was assessed at atmospheric pressure. Test for the 
repeatability of measurement and for linearity of the electronic scale were performed 
using NPL’s own mass standards.
4.8.1.1 Repeatability of measurement
The repeatability of measurement of the balance was assessed by comparing four one- 
kilogram stainless steel weights. The weights had nominally the same density and so no 
air buoyancy corrections were made to the weighings. Every weight of the set of four 
was compared with all the others. A weighing run consisted of 10 series of six weight 
comparisons, each comparison being performed four times in each series. Each 
weighing run took approximately 12 hours. Four runs were used to check the balance 
carousel for station dependence, known to be a potential problem with this type of 
balance [7]. Each successive measurement run was performed with the weights in the 
set rotated by one station on the carousel. Data from a typical weighing run can be seen 
in Appendix 1.2.
The results for the assessment of the balance under ambient conditions are summarised 
in Table 4.1. The results do not show any bias due to station dependence. The overall 
standard deviation for each weighing run, calculated from a least squares fit of all the 
measurement data for that run, ranged from 0.4 to 0.6 micrograms. Standard deviations 
for series of individual comparisons were in the range 0.2 to 1.2 micrograms. Both these 
sets of figures were well below the manufacturer’s specified performance 
(2.0 micrograms) and better than the performance of the similar balance already being 
used by NPL [7]. This assessment was performed with the upper section of the vacuum 
enclosure removed.
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Run 1 Run 2 Run 3 Run 4 Average
Stations Diff. SD Diff. SD Diff. SD Diff. SD Diff. SD
Compared (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg)
1 v 2 209.0 0.7 209.4 0.5 209.2 0.4 209.0 0.5 209.2 0.19
1 v 3 -45.4 0.9 -45.5 0.5 -46.5 0.5 -45.0 0.3 -45.6 0.64
1 v 4 -29.9 0.2 -29.2 1.2 -30.1 0.4 -29.9 0.4 -29.8 0.39
2 v  3 -255.2 0.7 -256.6 0.6 -256.2 0.4 -255.9 0.7 -256.0 0.59
2 v 4 -239.3 0.5 -240.4 0.9 -240.9 0.7 -240.6 0.2 -240.3 0.70
3 v 4 15.1 0.6 16.3 0.9 16.5 0.5 15.6 0.2 15.9 0.64
Overall 
SD (fig)
0.4 0.4 0.6 0.4 0.3
Table 4.1: Performance of HK1000MC balance under ambient conditions (vacuum
enclosure top removed)
The balance was also assessed for repeatability with the upper section of the vacuum 
enclosure in place and the enclosure sealed (but not evacuated). The results of this 
assessment are given in Table 4.2. The performance of the balance improved slightly. 
The overall standard deviation for each weighing run, again calculated from a least 
squares fit of all the measurement data for that run, ranged from 0.2 to 0.4 micrograms. 
Standard deviations for series of individual comparisons were in the range 0.3 to
0.8 micrograms. The improved performance is probably an effect of the improved 
thermal stability of the balance within the sealed enclosure, but may also be a function 
of the more stable pressure. Again no carousel station dependence of results was seen.
Run 1 Run 2 Run 3 Run 4 Average
Stations Diff. SD Diff. SD Diff. SD Diff. SD Diff. SD
Compared (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg)
1 v 2 209.2 0.4 209.1 0.2 209.1 0.4 209.0 0.6 209.1 0.08
1 v 3 -45.9 0.5 -45.7 0.3 -45.7 0.3 -45.2 0.3 -45.6 0.30
1 v 4 -29.8 0.4 -28.8 0.8 -29.2 0.5 -29.6 0.6 -29.4 0.44
2 v  3 -255.8 0.2 -256.2 0.8 -255.8 0.2 -255.7 0.2 -255.9 0.22
2 v 4 -239.4 0.5 -240.1 0.5 -240.6 0.7 -240.2 0.4 -240.1 0.50
3 v 4 15.7 0.3 16.2 0.4 15.8 0.4 15.4 0.3 15.8 0.33
Overall
SD(pg)
0.2 0.4 0.4 0.3 0.2
Table 4.2: Performance of HK1000MC balance under ambient conditions in sealed
enclosure
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4.8.1.2 Scale linearity
Using calibrated fractional weights the linearity of the electrical scale was assessed. 
Before the start of the test the balance’s internal calibration weight was applied and the 
100 milligram electronic scale calibrated. Five measurement runs were then performed 
as follows:
1. Four 1 kilogram standards
2. Four 1 kilogram standards plus 1, 2 and 5 mg on three of the stations
3. Four 1 kilogram standards plus 10,20 and 50 mg on three of the stations
4. Four 1 kilogram standards plus two 100 mg weights on two stations
5. Four 1 kilogram standards (repeat of 1)
Using runs 1 and 5 as references the effect of the addition of the fractional (1 to 100 
milligram) weights was calculated. The reading from these measurement points on the 
100 mg electronic scale of the balance was then compared with the known value of the 
fractional weights. The results of this test are given in Table 4.3 and plotted graphically 
in Figure 4.10.
Nominal 
Mass added 
(mg)
Actual 
Mass added 
(mg)
Measured 
Added mass 
(mg)
Balance 
Scale error
G*g)
1 1 012.0 1 012.3 0.3
2 2 000.9 2 001.0 0.1
5 4 993.7 4 993.5 -0.2
10 10 010.2 10 009.9 -0.3
20 19 999.9 19 999.8 -0.1
50 50 008.4 50 007.3 -1.1
100(1) 99 984.1 99 981.7 -2.4
100(2) 100 018.1 100 016.0 -2.1
Table 4.3 Linearity of balance electronic scale
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Figure 4.10: Measured error of electronic balance scale
The graph shows that the linearity of the electronic scale is good but there is a slight 
scale error, equivalent to about 2 micrograms at full scale (100 milligrams). The dotted 
line shows the theoretical balance error for any given scale reading. The deviation of the 
measured errors from the theoretical errors is less than 0.5 micrograms for all readings, 
approximately equal to the combined uncertainty of the fractional weights used for the 
assessment and the balance reading. An error of about 2 micrograms at full scale is 
normal for this type of balance and suggests an error in the value of the built in 
calibration weight. Since the scale error is approximately linear with the scale reading a 
correction could be applied. In practice, because the weights that will be compared on 
the balance in general differ by less 1 milligram, no correction is necessary. If weights 
differ by more than 1 milligram it is customary to use additional fractional weight to 
poise the load.
4.8.2 Assembling the vacuum system
After assessing the performance of the balance the sealing of the main chamber and 
load-lock were undertaken. Initial evacuation of the main chamber reached a pressure of
T • f\ • •10" mbar - the target pressure being 10' mbar. Examining the pressure in the backing 
line showed this to be 10'1 mbar, much higher than expected and above the backing
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pressure recommended for the turbo-pumps. Replacing the plastic tubing, supplied as 
the backing, line with flexible stainless steel vacuum hoses reduced the backing pressure 
to 10'2 mbar and allowed the main chamber to be pumped down to 10'6 mbar after 
2 days.
The pressure in the load lock was initially found to be 10'1 mbar indicating a major leak. 
The sealing of the load-lock was checked using the quadrupole spectrometer attached to 
the main chamber in leak detection mode, leaving the gate valve between the load-lock 
and main chamber open. In leak detection configuration the spectrometer is tuned to 
detect helium and give an audible warning when a specified concentration of helium is 
reached. Helium was then sprayed around the joints of the load-lock to trace the leak. 
The leaks were traced to the 160mm seals between the individual components of the 
load-lock. Because the load-lock was designed with three support points over its entire 
length its mechanical integrity also relied on the joints between its component parts. The 
supplied plastic and Viton centring rings/seals were found not to be rigid enough and 
were compromising the structural integrity of the load-lock. Replacing these seals with 
suitable aluminium and Viton rings allowed the flanges to be tightened more precisely 
and the rigidity of the load-lock preserved. With this modification the load-lock was 
able to achieve a vacuum of 10'6 mbar after approximately 10 minutes of pumping. 
Figure 4.11 shows the sealed vacuum enclosure and the load-lock.
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Figure 4.11: Sealed vacuum enclosure and load-lock.
4.8.3 Vibration levels
The vibration level was monitored over a 24-hour period on top of the granite plinth that 
supported the vacuum enclosures and balance. The background level, with both the 
main chamber and load-lock vacuum pumps running, was found to be only slightly 
higher than those recorded for NPL’s primary mass comparators (0.002 mm/s compared 
with 0.001 5 mm/s). The isolation to impulses (such as movement on the floor close to 
the apparatus) was found to be much better, due to the physical isolation of the plinth 
from the surrounding floor and its large mass.
81
4.8.4 Performance of the balance in vacuum
Having sealed the main chamber and load-lock the performance of the balance was 
evaluated under vacuum conditions. The same four stainless steel kilogram weights 
were used for these measurements as were used for the evaluation at atmospheric 
pressure. The results from the balance assessment test under vacuum conditions are 
summarised in table 4.4. The average measured differences between the weights were 
not significantly different from the values determined at ambient pressure (any change 
due to surface effects should affect all four weight similarly). The average standard 
deviation of a series of weighings was 0.3 micrograms, similar to the value achieved 
with the enclosure sealed at ambient pressure.
Run 1 Run 2 Run 3 Run 4 Average
Stations Diff. SD Diff. SD Diff. SD Diff. SD Diff. SD
Compared (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg) (Mg)
1 v 2 222.0 0.4 222.6 0.2 223.2 0.7 222.2 0.5 222.5 0.53
1 v 3 -41.9 0.5 -40.6 0.2 -41.6 1.0 -41.2 0.6 -41.3 0.56
1 v 4 -17.6 0.7 -18.4 0.3 -18.2 0.6 -17.7 0.3 -18.0 0.39
2 v 3 -266.6 0.4 -266.4 0.6 -265.6 0.6 -266.3 0.8 -266.2 0.44
2 v  4 -245.3 0.3 -245 0.3 -244.6 0.8 -245.5 0.8 -245.4 0.26
3 v 4 22.8 0.7 22.5 0.4 23.0 0.3 23.1 0.5 22.8 0.26
Overall
SD(pg)
0.3 0.2 0.6 0.4 0.2
Table 4.4: Performance of HK1000MC balance in vacuum
4.8.5 Assessment of vacuum composition
A Masstorr quadrupole mass spectrometer, attached to the main vacuum chamber, was 
used to give a residual gas analysis of the composition of the vacuum around the 
balance. A series of 10 scans, using a scan rate of 1 atomic mass unit (amu) per second 
and a rise time of 0.25 seconds, were averaged to provide a spectral analysis of the 
component parts of the vacuum. Scans were made over the range 0-100 amu but no 
discemable peaks were detected above 44 amu. Figure 4.12 shows a typical 
spectrum for the composition of the vacuum in the main chamber.
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Figure 4.12: Spectrograph for main vacuum chamber
The spectrum shows the major peak at an amu value of 18 corresponding to water 
vapour (H20 +). The two secondary peaks are at 16 corresponding to oxygen (0 + or 0 2++) 
and 28 (Nitrogen, N+ and carbon monoxide, CO+). The 0 2+ peak can be generated by the 
spectrometer source itself. Minor peaks occur at 32 (oxygen, 0 2+) 40 (argon, Ar+) and 
44 (carbon dioxide, C 02+). This spectrum represents a typical trace for a vessel showing 
no discemable leaks, if a leak were present the N2+ (and oxygen) peak would be much 
larger relative to the H20 + peak. No hydrocarbon contamination could be detected in the 
system. Although most hydrocarbon sources will produce fairly large molecule 
contamination (ie. greater than 100 amu, the range of the spectrometer system used) 
these molecules tend to break up and produce a systematic series of contaminants evenly 
spaced over the measured range (0 to 100 amu). No such systematic peaks were detected 
indicating that hydrocarbon contamination was small in relation to the other components 
present.
With the main chamber having been at vacuum for several weeks weights of various 
materials (platinum, gold, brass and stainless steel) were introduce into the chamber via
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the load-lock. It was hoped that the outgassing of the weight on initial exposure to 
vacuum could be detected using the spectrometer. Unfortunately the residual 
background spectrum, generated by the outgassing of all the other surfaces in the main 
chamber, did not change and outgassing from the newly introduced weight could not be 
detected.
The residual gas analysis of the vacuum in the main chamber was performed on a daily 
basis from the time when the chamber was first pumped down. Figure 4.13 shows the 
temporal variation of the vacuum composition. The graph shows a fairly consistent 
proportion of the main component (water vapour) in the spectrum its amount varying 
between 60 and 70% of the overall composition. The proportions of nitrogen/carbon 
monoxide (28) and atomic oxygen (16) vary between 10% and 16%. It appears that the 
component at amu 28 perhaps increases relative to the component at 16. This is 
probably due to an increase in CO+, but could also be due to a small atmospheric leak 
(NT1") becoming more significant relative to the outgassing of the balance and chamber. 
The other three components have values below 4% of the overall composition and fall 
away with time suggesting they are due to outgassing of specific components within the 
balance. It could be expected that the H20+ component, due to the outgassing of the 
vessel and the balance surfaces, would fall with time. This is not the case suggesting 
that the initial spectra recorded represent the emission for a reasonably clean system and 
high temperature baking would be necessary to reduce the rate of water outgassing 
below that detected over the period of the test.
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Figure 4.13: Temporal variation of vacuum composition 
4.9 Weights for use in the project
In order to categorise the changes that standard weights experienced between use in air 
and in vacuum a set of platinum-iridium mass standards was required, since this is the 
material from which all national copies of the International Prototype of the Kilogram 
are manufactured. To quantify the changes in terms of mass change per unit surface area 
the weight set should comprise standards of similar mass (and volume) but different 
surface areas. The weights would be manufactured in a similar way to recently 
manufactured national copies and therefore would require finishing and adjustment by 
the BIPM in Paris.
4.9.1 Design
Initially the weights were designed as integral artefacts with circumferential ‘V’ shaped 
cuts to produce different surface areas, the surface area being a function of the number 
of cuts and their depth and angle. The limit on the diameter of the artefacts was 39 mm
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since, like standard cylindrical platinum-iridium kilograms, they would be produced 
from a 42 mm extruded billet. The practical minimum angle of cut that could be used 
was limited by the final machining at BIPM to 45 degrees. Varying the number, depth 
and angle of cut gave a maximum surface area ratio of about 1:1.6 comparing a standard 
kilogram (39 mm diameter x 39 mm high) with an artefact with three 46° cuts (max 
diameter 39 mm x 81.1 mm high). An intermediate artefact would have 3 cuts at 55° 
(overall height 55.1 mm) to give a surface area ratio of 1:1.29 compared with a standard 
kilogram. Figure 4.14 shows the proposed designs for the integral “surface area” 
artefacts.
13.1mm46°
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81.1mm
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Figure 4.14: Initial design for platinum-iridium artefacts of different surface areas
In addition to the limited surface area ratio achievable a further potential problem with 
the proposed design was the surface finish. The finish on the diagonal cuts, particularly 
at the bottom of the cuts, might not be as good as could be achieved on a plane 
cylindrical surface. The major drawback of this artefact design was however, the amount 
of material required to produce the larger artefacts. The manufacture of an artefact of
81.1 mm height would require approximately 2.5 kilogram of platinum-iridium 
compared with half that to produce a standard kilogram weight. While the majority of 
the wasted material could be re-claimed the initial expenditure on the platinum-iridium
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would be large, particularly if three sets of the three forms of artefacts were to be 
constructed.
Because of the expense, in terms of the initial cost of material, of constructing integral 
“surface area” artefacts an alternative design was proposed. This involved building up 
the surface area artefacts from slices of diameter 39 mm (the same as a standard 
kilogram). By varying the number of slices making up the kilogram the surface area of 
the “composite” artefact could be varied. In practice, to achieve the same surface finish 
as on a standard kilogram, the BIPM recommended the minimum height of a slice to be
7.8 mm - equivalent to a 200 gram weight at 39 mm diameter. The use of slices as 
opposed to integral artefacts had the advantages that:
• A much shorter extruded length of platinum-iridium was required to manufacture the 
artefacts which meant lower initial costs
• Rough and final machining of the artefacts was more straight forward, saving 
machining cost and guaranteeing surface finish
• Larger surface areas were achievable using composite artefacts
• The geometric surface areas would be easier to determine than with artefacts of a 
more complex shape
• The composite artefacts could be used as individual mass standards after completion 
of the research - the bobbin shaped integral artefacts would be effectively redundant
The main drawback with using composite artefacts was the added difficulty in 
transporting and manipulating them.
To expose all the surfaces to the vacuum (and to ambient contamination) a method for 
separating the slices in the composite artefacts was required. A number of methods were 
considered including the use of stainless steel ball bearings (platinum balls would need 
to be specially manufactured). This had the limitation that the balls would require 
location on the slices so the slices would need indenting in some way (modifying their 
surface in the process). It would also introduce an additional material into the 
experiment making analysis of the results more complicated. The solution selected was 
to use platinum-iridium wire to separate the slices. This had the advantages that:
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• The material used for separating the slices was of nominally the same composition as 
that used in the slices themselves
• Platinum-iridium wire, of suitable composition, purity, diameter and surface finish, 
was available off the shelf
• The lengths of wire used could be adjusted to match the weight of the composite 
artefacts to that of the integral kilogram
• No modification to the surfaces of the slices was required
2 mm wire was chosen as giving enough separation to fully expose all surfaces. Using 
three 6.6 mm lengths of this wire meant each separation layer of 3 wire lengths would 
weigh 2 grams so one of the slices in each composite kilogram would need to be 
“underweight” to compensate for this. Bending each length of wire meant it would 
locate without rolling. Figure 4.15 shows the final design for the composite artefacts. 
Nominal surface area ratios of 1:1.35:2.0 were achieved using the integral and two and 
four piece composite artefacts illustrated.
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Figure 4.15: Final design for platinum-iridium artefacts of different surface areas
Three sets of composite artefacts (2 and 4 slice) were required for the project together 
with two integral kilogram weights. A third integral kilogram weight, kilogram A, 
already at NPL, would also be used (as an in-air monitoring standard). Due to the 
number of stages in the manufacturing process and the number of weight pieces required
(20 in all) and particularly because they all had to be finished and adjusted at the BIPM, 
the fabrication of the weights would take over a year from ordering the material. In the 
interim period it was decided to purchase a similar set of artefacts, made from stainless 
steel, to evaluate the weighing in vacuum equipment further and to refine the 
experimental protocol. Data from the effect of vacuum exposure on stainless steel 
weights would allow the traceable calibration of such weights in vacuum against 
platinum-iridium primary standards. This would potentially achieve lower uncertainties 
for the stainless steel weights than can currently be achieved from comparisons 
performed in air.
Stainless steel weights are used by the majority of high accuracy mass laboratories 
around the world. These weights are traceable to stainless steel kilogram standards 
maintained at National Measurement Institutes, like NPL. These NMIs maintain the 
traceability between these stainless steel standards and platinum-iridium national 
standard weights. When stainless steel and platinum-iridium kilogram weights are 
compared in air a correction for the buoyancy of the air must be made. This is due to the 
difference in volume between the weights (approximately 80 cm ). This correction 
(approximately 0.1 grams in magnitude) requires knowledge of the density of the air in 
which the weights are compared. At present this can only be measured to 2 parts in 104 
resulting in an uncertainty of 20 micrograms on the calibration. This is by far the largest 
uncertainty component on the calibration of a stainless steel weight given that the 
uncertainty on a platinum-iridium standard is 4 microgram and the weights can be 
compared to better than 1 microgram. By making the comparison in vacuum, rather than 
air, the uncertainty component associated with the air buoyancy could be eliminated and 
the potential accuracy with which stainless steel kilogram weights could be calibrated 
greatly improved. To make this comparison effectively, traceable data is required on the 
effect of vacuum exposure on both platinum-iridium and stainless steel weights. The 
primary objective of this thesis is the characterisation of platinum-iridium weights and 
surfaces but additional work on stainless steel would allow evaluation of this material 
and widen the range of application of the results.
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4.9.2 Manufacture of stainless steel weights
A set of stainless steel composite artefacts was ordered from Haftier in Germany. 
Although the shape of the weights differed from those normally produced for mass 
metrology [48] the manufacturing process was the same. The stainless steel used was of 
the composition specified by the American Iron and Steel Institute AISI 303, an 
austenitic 18/9 (Chromium/Nickel) stainless steel with a nominal density of 7.9 g/cm . 
A more detailed composition for the material is given in Table 4.5.
Material DIN C Mn Si Cr Ni S
AISI Designation Max. Max. Max. Max.
% % % % % %
Stainless
303
X 10 CrNiS 18 9 0.12 2.0 1.0 17-19 8-10.0 0.350
Table 4.5 Composition of stainless steel used for manufacture of artefacts
This material composition is typical of that most widely used for stainless steel mass 
standards. Some manufacturers additionally offer weights manufactured from a higher 
chromium and nickel (typically 25/20) composition alloy.
Initially the stainless steel for the weights is electron beam melted into ingots. These 
ingots are cut to length and batch machined to the individual weight values. The weights 
are then adjusted to the required tolerance by hand polishing with fine emery paper. 
Once adjusted, the weights are cleaned at a temperature of 40 °C in tanks of solvent at 
gradually decreasing concentrations, finishing with a final rinse in pure water. The 
weights are then allowed to dry in filtered air and weighed by the manufacturer to check 
that they are within tolerance of the nominal mass value.
4.9.3 Manufacture of platinum-iridium weights
The manufacturing process for official copies of the International Prototype Kilogram 
involves a number of stages culminating in finishing and final weight adjustment at the
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BIPM in Paris [49]. The object of this work was to study the stability in vacuum of such 
weights so it was vital that the artefacts used for the study were manufactured in the 
same way as the official copies. Since the manufacturing process is important in 
determining the surface finish and can be a source of contamination on the surfaces of 
the weights the production of the artefacts for use in this research will be described in 
some detail.
The initial stage of the manufacture involves producing the platinum-iridium alloy by 
electron beam melting, into a 78 mm diameter die, precise weights of pure platinum and 
iridium to produce the alloy in the correct 9:1 ratio. The specification for the material 
was 90% ± 0.25% platinum 10% ± 0.25% iridium. The maximum limits of impurities 
being:
0.20% Rhodium + Palladium + Ruthenium
0.05% Iron
0.02% all other impurities.
A minimum density of 21.53 g/cm was specified for the billet (the densities of platinum 
(21.450 g/cm ) and iridium (22.550 g/cm ) giving a theoretical maximum density of 
21.56 g/cm3).
Once cast a gamma radiograph was taken of the ingot to inspect it for “soundness” 
(voids, inclusions etc.). No voids of above 1 mm (the limit of resolution of the 
measurement technique) were found.
The ingot of 78 mm diameter and approximate length 340 mm (weight 33 kilograms) 
was delivered to NPL for extrusion. The billet included material for the BIPM, who 
were to manufacture kilogram weights for their own use, as well as material for the 
weights to be used in the weighing in vacuum work described here. The purpose of 
extrusion was to compress the material and remove voids/micro-voids from the bulk. It 
was necessary to saw the billet in half, as the maximum longitudinal capacity of the 
NPL 700 ton extrusion press is approximately 270 mm. The two halves were coated 
with an anti-oxidising agent and heated for 2 hours in an oven at 1300 °C. Each billet 
was then extruded through a 43 mm die using a glass sheath for lubrication on the front
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of the billets and a graphite pad on the rear. A new die was used for each billet. Figure 
4.16 shows the two billets after extrusion.
Figure 4.16: Platinum-iridium billet following extrusion
The ends of each of the two billets were removed, using a bandsaw, for analysis and the 
billets themselves were sent away for gamma radiography. The radiographic 
measurements again showed no voids above 1 mm. Three of the four end samples were 
rough machined and their densities measured the fourth sample was diamond turned and 
examined using atomic force microscopy (AFM) for defects. The densities of the three 
samples were found to be 21.539, 21.542 and 21.539 g/cm3 all above the specified 
minimum of 21.53 g/cm indicating good homogeneity within the billet. Figures 4.17a 
to 4.17c show the AFM scans of the diamond turned platinum-iridium surface.
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Figure 4.17a: 9 jim scan of diamond turned surface (isometric view)
ifinti
Figure 4.17b: 3 ^m AFM scan of diamond turned surface
Figure 4.17c: 3 jun AFM scan of diamond turned surface (isometric view)
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The instrument used for the measurements was a Nanoscope II AFM with a silicon 
nitride pyramidal tip. The scans were performed at x-y ranges of 9 and 3 micrometers. 
No flaws in the material could be detected but the machining marks of the diamond 
turning were visible for both scan sizes (most obvious on the isometric views). To 
obtain a better measurement of the surface of the material (rather than the quality of the 
diamond turning) an attempt was made to etch the sample using various acids including 
aqua-regia (a mixture of nitric and hydrochloric acids, known to dissolve gold and 
platinum) but with no success.
The weights for the research were to consist of three sets of artefacts each set 
comprising an integral kilogram, a two piece composite artefact and a four piece 
composite artefact. The individual weights required being as follows:
2x 1  kilogram
(An existing platinum-iridium kilogram (A) would also be used)
3 x 500 grams 
3 x 498 grams
(Three two-piece composite kilograms when spacers (2 grams) are included)
3 x 300 grams 
3 x 294 grams 
6 x 200 grams
(Three four-piece composite kilograms when spacers (6 grams) are included)
The two billets were cut to appropriate lengths for the manufacture of the required 
weights using spark erosion. This process was chosen, as the width of cut was only 
0.3 mm so the minimum amount of material would be lost. Once cut to length the 
platinum-iridium pieces were rough machined at NPL to sizes specified by the BIPM - 
0.4 mm larger than the finished diameter and length. The weights were then dispatched 
to the BIPM for finishing and adjustment.
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The final machining at the BIPM initially involves a single pass with a diamond tool on 
all faces. At this stage the kilogram pieces have their densities measured by hydrostatic 
weighing. Following this one of the end faces is diamond machined to a good surface 
finish. A brass holding piece is then glued to this face and the weight and holding piece 
inserted into the chuck. The cylindrical and second end face are then diamond turned to 
their final finishes, the weight having a final diameter of 39.17 mm. A bevelled edge is 
also produced on the end face with faces at 22.5°, 45°, 67.5° and 79°. The weight is then 
removed from the brass holding piece, the identifying number etched onto it using 
diamond paste and it is cleaned in a warm soap solution followed by distilled water and 
ethyl alcohol. After the piece has been weighed it is mounted in a nylon chuck and the 
other end face machined. At this stage the mass of the piece must also be adjusted to the 
required tolerance of 1 kg ± 1 mg. This is achieved manually using a small piece of 
wood coated with 0.1 pm diamond paste on the 79° bevel. The weight is then removed 
from the nylon chuck and again cleaned with a warm soap solution followed by distilled 
water. Finally the nettoyage-lavage cleaning process [27] is used to clean the weight 
before it is calibrated. The stability of the weight will be monitored by the BIPM for a 
period of at least 3 months to ensure the weight is stable before it is released.
4.10 Chapter conclusions
Equipment, based around a commercial mass comparator, has been designed and 
manufactured to allow the storage and weighing of mass standards in a clean vacuum 
environment. A load-lock has also been designed and developed to allow transfer of 
weight standards between air and vacuum without compromising the integrity of the 
vacuum or affecting the weights already stored in it. Together this equipment will allow 
the long-term stability of weights in vacuum to be monitored and traceably compared 
with weights in air. The apparatus for long-term storage and monitoring of weights in 
vacuum together with the facility to make traceable measurements to weights in air 
represents a unique facility in world metrology.
Sets of weights of both stainless steel and platinum-iridium with different surface areas 
have been designed and manufactured to allow the effect of transfer between air and 
vacuum on mass standards to be measured. The use of these weights, together with the
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apparatus described, will allow the quantification of the changes, in terms of mass per 
unit surface area, to be quantified for weights moved between air and vacuum. This in 
turn will allow the long-term stability of weights stored in vacuum to be measured 
traceably.
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CHAPTER 5: Preparatory measurements on stainless steel weights
5.1 Chapter summary
The results for all preparatoiy measurements on the stainless steel standards are given in 
this chapter. This includes the measurement of surface roughness, surface area and 
density and the initial in air weighings to check the mass stability of the standards.
5.2 Background
Stainless steel mass standards are used for the vast majority of high accuracy mass 
determination. As a material stainless steel has the advantages that:
• The cost of weights is low because the material is relatively cheap and easy to 
machine
• It provides good resistance to corrosion, oxidisation and other surface 
contamination and therefore has good mass stability
• The addition of alloying components such as nickel and chrome allows 
adjustment of the density to 8000 kg/m (the basis on which conventional mass 
is quoted)
The main drawback with the use of stainless steel is the fact that the weights are 
physically quite large (especially when compared with platinum-iridium weights of 
similar mass values). This means that they have a large surface area (leading to potential 
instability) and displace more air (increasing the uncertainty with which they can be 
calibrated due to the variable buoyancy effect). Additionally, care must be taken to 
ensure that the alloy used is truly non-magnetic.
Given the widespread use of stainless steel for mass standards (in effect only National 
Measurement Institutes (NMIs) such as the NPL use platinum-iridium mass standards) 
establishing traceability between stainless steel weights in air and in vacuum is 
important for two main reasons.
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Firstly, during the dissemination of the unit of mass from the national standard, the 
major source of uncertainty comes when the primaiy standard platinum-iridium 
kilogram weights are compared with the secondary standard stainless steel weights. This 
is due to the large air buoyancy effect caused by the difference in the densities of the 
two materials. The uncertainty with which air density can be measured (1 part in 104)
o
contributes an uncertainty of about 1 in 10 (10 pg on 1 kilogram) and is, by nearly an 
order of magnitude the major uncertainty component. By quantifying the effect of 
transfer from air to vacuum for stainless steel (and platinum-iridium) weights, traceable 
measurements could be performed in vacuum rather than in air, eliminating this source 
of uncertainty.
The second reason is the possible redefinition of the kilogram as discussed in Chapter 1. 
Figure 1.2 illustrated possible dissemination routes for a new definition. It is possible 
that the new traceability will eliminate the need to maintain platinum-iridium weights at 
the kilogram level and rely on direct dissemination to stainless steel mass standards. All 
four of the potential new definitions currently being investigated involve the realisation 
of a kilogram in vacuum, it is thus essential to categorise the effect of use in vacuum on 
stainless steel weights. This will allow to dissemination of a kilogram, realised in 
vacuum, to weights used in air.
5.3 The stainless steel weights
The weights used for this part of the research are described in chapter 4. Three integral 
cylindrical kilogram weights, one two-piece composite kilogram and one four piece 
composite kilogram were used for the work. The design and specification for the 
weights, given to the manufacturer Hafner of Germany, is shown in Figure 5.1. The 
assembled set of composite weights including spacers is shown in Figure 5.2. The set 
illustrated was used to transfer between air and vacuum to both measure the differential 
surface effects on the three weight assemblies and to provide traceability between the 
two remaining integral weights one maintained in air and the other in vacuum.
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1000 54mm
M 54mm ►
499 g
500 g
-54mm-
200 g 10.8mm
A
▼
A 200 g 10.8mm
26.9mm
1
A
▼
▼
297 g 16.0mm
A A
▼
27.0mm
▼
300 g 16.2mm
«-------- 54mm------- ►
A
Figure 5.1: Design for stainless steel kilogram of different surface areas
Figure 5.2: Set of integral and composite stainless steel kilogram standards
5.4 Preliminary measurements
On receiving the weights, their volumes were measured by hydrostatic weighing. It is 
necessary to know the volume of a weight to be able to measure its mass in air where 
the mass is the measured weight (as indicated by the balance) plus the weight of the air 
displaced - equal to the volume of the weight multiplied by the density of the air at the
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time of weighing. Chapter 2 gives an explanation of terms used in mass metrology and 
their derivations.
Given that the volume of a weight has been measured, its mass, calculated from a 
weighing in air, can be compared with the mass measured directly from a weighing in 
vacuum as shown in equation 5.1
M = W vac =  W air + (V x Pair) ........................................... (5.1)
(
Where: M is the true mass of the body
Wvac is the weight measured in vacuum 
W a ir  is the weight measured in air 
V is the volume of the body
P a i r  is the density if the air (at the time of the weighing in air)
Thus theoretically, by applying the air buoyancy correction, the only difference between 
the mass calculated from a weighing in air and the mass measured in vacuum will be the 
difference in mass due to the change in the surface state of the weight between the two 
environments.
In fact the true weight (in vacuum) of a body is its mass multiplied by g (the local 
acceleration due to gravity) but in the field of mass metrology measurement is 
performed on a comparative basis. Comparing true mass and weight equate to the same 
thing as g applies to both the unknown and the standard mass or the basis on which a 
balance reading is displayed (a small correction will be necessary if the centres of 
gravity of the two weights are not at the same height as the value of g will be slightly 
different).
5.4.1 Density determination
Measurement of the density of a standard weight involves comparing its effective 
weight in air and in water. Given that the density of the air and the water are known at 
the time of weighing the density and the true mass (and therefore the volume) of the
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1 Uncertainty calculation for the density o f  the stainless steel artefacts
Table 5.1a shows the uncertainty calculation for the density of stainless steel 
standard 1000(1). The uncertainty calculations for the other stainless steel weights 
contained the same uncertainty components the only differences being the size of 
the standards used in air (V si and M si) and the mass of the artefact (Mai) which 
go down proportionately with the size of the test pieces. Additionally the final 
term for the standard deviation of the measurements (o) was different for each test 
piece and was the main contribution to the variations in the overall uncertainties 
given in Table 5.1.
All uncertainties calculated at k=1
Parameter
1 Symbol Nominal value
Uncertainty Contribution
| Value
Divisor Standard 
uncertainty (u)
(source unit)
Sensitivity 
coefficient (cx)
Standard 
uncertainty (u)
Table A - contributions to air density uncertainty (kq rtf5)
Pressure Pa(p) 1020 hPa Stability
Calibration
20.000000 Pa 
6.000000 Pa
V3
2
11.547005 Pa 
3.000000 Pa
Cg 0.000 01 
0.000 01
0.000 12 
0.000 03
Temperature PA(t) 20 °C Stability
Gradient
Calibration
0.050000 °C 
0.200000 “C 
0.030000 °C
V3
V3
2
0.028868 °C 
0.115470 °C 
0.015000 °C
Cio 0.004 00 
0.004 00 
0.004 00
0.000 12 
0.000 46 
0.000 06
Dew point PA(d) 7 “C Stability
Gradient
Calibration
2.000000 °C
2.000000 “C 
0.200000 “C
V3
V3
2
1.154701 “C
1.154701 'C 
0.100000 *C
C11 0.00030 
0.000 30 
0.000 30
0.000 35 
0.000 35 
0.000 03
Carbon dioxide PAfco2) 400 ppm 0.000040 ka m3 V3 0.000023 kq m"3 Cl2 0.400 00 0.000 01
CIPM equation 0.000120 kQ nr3 1 0.000120 kq nT3 C13 1.000 00 0.000 12
Combined air density uncertainty: 0.000 71
Table B - contributions to volume of artefact at t °C (ka rif3)
Air density Pa 0.0012 ccm-3 From table A 0.000 71 ka rrf3 1 0.000 71 kg m'3 Cl 6.734 00 0.004 78
Volume of standards Vs, 78 cm3 Calibration 0.010 00 cm3 2 0.005 00 cm3 cz 0.001 20 0.000 01
(used in air) Stability 0.010 00 cm3 2 0.005 00 cm3 0.001 20 0.000 01
Mass of standards Msi 873 g Calibration 0.00044 g 2 0.000 22 mg C3 62.242 00 0.013 58
(used in air) Stability 0.000 50 g 2 0.000 25 mg 62.242 00 0.015 56
Mass of artefact Mai 1000 g Calibration 0.000 30 g 2 0.000 15 mg c< 53.489 00 0.008 02
Balance performance B(o) Repeatability (a) 0.000 32 g 1 0.000 32 g Cs 62.242 00 0.019 92
Balance linearity Calibration 0.001 00 g 2 0.000 50 g 62.242 00 0.031 12
Wetting check Repeatability (a) 0.000 19 g 1 0.000 19 g 62.242 00 0.011 83
Temperature of water tw 20 °C Calibration 0.008 00 °C 2 0.004 00 °C Cs 1.312 00 0.005 25
20 °C Gradient 0.050 00 °C V3 0.028 87 °C 1.312 00 0.037 87
Density of water Pw 998.2 g crri3 Equation 0.002 00 kam-3 1 0.002 00 kq m"3 c7 7.866 00 0.015 73
Standard deviation O Repeatability (o) 0.084 12 ka m-3 1 0.084 12 ka nr3 Cs 1.000 00 0.084 12
Combined denisty uncertainty (k=1): 0.103 95
| Combined denisty uncertainty (k=2): 0.21
Table 5.1a Calculation of the uncertainty in the density of weight 1000(1)
weight can be calculated. Densities for all the weights used in this part of the research 
were determined and the results are given in Table 5.1 together with estimates of the 
uncertainties of measurement.
Weight
stack
Weight
identification
Measured
Density
(kg/m3)
Estimated 
Uncertainty1 
(kg/m3) (k=2)
1000 1000 (1) 7888.18 0.21
1000 (2) 7888.20 0.16
1000 (3) 7887.95 0.16
500 (2 piece) 499 7888.04 0.13
500 7887.95 0.12
2/300 (4 piece) 200 (1) 7888.28 0.44
200 (2) 7888.16 0.18
297 7888.32 0.25
300 7888.20 0.18
Table 5.1: Measured densities (and estimated uncertainties) for the stainless steel
weights used in the research
To separate the component parts of the weight stacks in order to expose all surfaces, 
1 cm lengths of 2mm diameter stainless steel wire were manufactured. The density of 
this material was determined by dimensional measurements on the bulk of the wire and 
found to be 7915.3 kg/m3 ± 1.95 kg/m3. The overall length of wire used to manufacturer 
the spaces for each stack was adjusted to give the stacks an overall conventional mass 
within 200 micrograms of 1 kilogram.
Table 5.2 gives the calculated volumes of the integral cylinders and the component parts 
of the weights stacks together with an overall volume for the weight stacks and spacers.
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Weight
stack
Weight
identification
Calculated
volume
(cm3)
Estimated 
Uncertainty 
(cm3) (k=2)
1000 1000 (1) 126.772 2 0.003 4
1000 (2) 126.771 9 0.002 6
1000 (3) 126.775 9 0.002 6
500s (2 piece) 499 63.260 46 0.001 0
500 63.387 95 0.001 4
Spacers 0.126 34 0.000 0
Total 126.774 75 0.001 7
2/300s (4 piece) 200 (1) 25.354 07 0.001 4
200 (2) 25.354 46 0.000 6
297 37.651 30 0.001 2
300 38.031 04 0.000 9
Spacers 0.379 89 0.000 1
Total 126.769 89 0.002 1
Table 5.2: Calculated volumes of integral weights and weight stacks 
5.4.1.1 Uncertainty contributions from volume determination
It can be seen that the overall volumes of the integral weights and the weight stacks are
'i #
well matched with a spread of only 0.006 cm . The maximum buoyancy correction 
(BC), to be applied for comparisons made in air between the artefacts, is therefore:
BC = AV x AD
BC = 0.006 cm3 x 0.001 2 g/cm3 (assuming standard air density)
BC = 7.2 micrograms
Where AV is the volume difference between the weights being compared in air of 
density AD.
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The (maximum) uncertainty contribution from the applied buoyancy correction (U b c )  
for comparison of the weights in air is thus given by:
U Bc =  U a d x A V
U b c  = 0.000 000 2 g/cm3 x 0.006 cm3 
U b c  = 1.2 nanograms
Where U a d  is the uncertainty in the calculation of the air density.
Given that the resolution of the balances on which the work will be performed is 
0.1 micrograms it can be seen that this contribution is not significant.
The maximum uncertainty in the volume determination of the artefacts ( U v o l )  is  
0.003 4 cm3 on the 1000(1) integral weight. For comparisons made in air, the mass 
uncertainty contribution from this component is equal to:
U y  =  U v o l  x  A D
U y  = 0.003 4 cm x 0.001 2 g/cm (assuming standard air density)
U y =4.1 micrograms
This value is the most significant uncertainty contribution for the comparison between 
the values of the stainless steel weights in air and in vacuum. It should be noted the 
value is only significant when comparing weighings made in air with those made in 
vacuum. The stability of the weights in both air and vacuum will be monitored to a 
much lower uncertainty (effectively given by the repeatability of the balance) since the 
uncertainty in the volume of the weights has much less significance. For the comparison 
of weighings made either entirely in air or entirely in vacuum the uncertainty 
contribution for the volume of the weights is:
U y  =  U vol x AAD
Where U v o l  is the uncertainty in the volume of the weight and AAD is the range of air 
density in which the weight is measured.
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Thus for vacuum Uy tends to zero since the air density is negligible.
For weighings solely made in air the uncertainty is:
U v (a ir ) =  U v o l  x  AAD
U V(AiR) = 0.003 4 cm3 x (0.001 24 -  0.001 14) g/cm3 
Uv(air) = 0.34 micrograms
Given that the air density at NPL typically varies between 1.14 and 1.24 kg/m .
5.4.2 Surface area measurements
The surface areas of the integral and composite artefacts were calculated from simple 
dimensional measurements. Since the mass changes expected were small (tens of 
micrograms and possibly less that this) the accuracy with which these changes could be 
measured was of the order of 1% (due to the balance performance and the buoyancy 
effects described above). The accuracy with which the surface areas of the artefacts 
needed to be known was therefore not high (1 in 10 being more than adequate) and 
basic dimensioning of the artefact components was sufficient. Table 5.3 summarises the 
dimensional measurements and calculated volumes of the integral and composite 
kilogram artefacts.
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Artefact Components Diameter
(mm)
Length
(mm)
Calculated 
surface area 
(cm2)
Surface area 
ratio
1000(1) - 56.04 55.27 139.7 1
1000(2) - 56.05 55.25 139.7 1
1000(3) - 56.04 55.27 139.7 1
500s 500 56.04 27.62 92.8
499 56.06 27.58 92.7
Spacers 1.985 40.20 2.6
Total 188.1 1.35
2/300s 200(1) 56.02 11.06 64.6
200(2) 56.04 11.05 64.6
297 56.04 16.42 73.7
300 56.04 16.58 74.0
Spacers 1.985 120.60 7.6
Total 284.5 2.04
Table 5.3: Surface areas of integral and composite kilogram artefacts
5.4.3 Surface roughness measurements
The surface of a 200g stainless steel weight, not used for the weighings but 
manufactured at the same time as the other weights used, was assessed for surface 
roughness using Atomic Force Microscopy (AFM). A Nanoscope II stand-alone AFM 
head was used with a nitride pyramidal tip. Figures 5.3a to 5.3i shows the results of the 
AFM measurements on the stainless steel weight at two positions on the flat surface of 
the weight. Sample position 1 shows scans orthogonal to the main lay of the surface 
texture. Position 2 was scanned at an angle of about 45° to the first sample position to 
look for any periodic structure to the surface at angles other than the main lay. For each 
position images were captured at x-y ranges of 80 pm, 30 pm, 10 pm and 4 pm. Cross- 
sections of the 20pm and 10 pm scans were taken to analyse the periodicity of the 
surface and to calculate the surface roughness.
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Figure 5.3a 80 jam AFM scan of weight surface (position 1)
Figure 5.3b 30 pm AFM scan of weight surface (position 1)
Figure 5.3c cross-section of 30 pm AFM scan of weight surface (position 1)
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Figure 5.3d cross-section of 10 pm AFM scan of weight surface (position 1)
Figure 5.3e 4 pm AFM scan of weight surface -  isometric view (position 1)
All the images from the first position (Figures 5.2a to 5.3e) reveal a high periodicity to 
the surface especially highlighted on the isometric view. The 80 pm scan also shows a 
scratch on the surface of the weight. The two dominant periodicities of the surface 
appear at about 2 pm and 0.2 pm. Cross-sections thought the 30 pm and 10 pm scans 
(Figures 5.3c and 5.3d) illustrate the cyclical nature of the surface. Calculating the 
surface roughness of the weight at position 1 from these cross-sections gives Rz values 
(average peak to valley height) of 42 nm and 34 nm respectively.
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Figure 5.3f 30 pm AFM scan of weight surface (position 2)
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Figure 5.3g cross-section of 30 pm AFM scan of weight surface (position 2)
Figure 5.3h cross-section of 10 pm AFM scan of weight surface (position 2)
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Figure 5.3i 4 pm AFM scan of weight surface -  isometric view (position 2)
The images from the second sample position (Figures 5.3f to 5.3i) show similar results 
to those from the first, the cyclic nature of the surface showing up in a different 
direction due to the rotation of the scan angle. Sections through the 30 pm and 10 pm 
scans (Figures 5.3g and 5.3h) along the main lay of the surface show similar results to 
position 1 giving Rz values for surface roughness of 36 nm and 40 nm.
5.4.4 Stability measurements in air
As described in section 5.4.1, the density determination of the samples involves 
immersion in water. Past experience has shown that this has an effect on the stability of 
the weights for a period after they are removed from the water [86]. The mass stability 
of the integral and composite kilogram weights used for this work was monitored over a 
period of 6 months to ensure that they were stable before commencing the vacuum 
weighings. Figure 5.4 shows the (absolute) stability of the five, one kilogram artefacts 
used in this work both before (negative days) and after hydrostatic weighing.
109
18501650
<*#<► * *
18001600
oo
o
1550
,♦ ♦
t>0
1500 1700♦♦
16501450 ♦ 1000(1) ♦ 2/300s 
♦1000(2) ♦ 500s
♦ 1000(3)
16001400
60 100 120 140 160 180 20020 40-20
Time after hydrostatic w eighing (days)
Figure 5.4: In-air mass stability of stainless steel kilogram artefacts before and
after hydrostatic weighing
The graph shows that all artefacts follow a similar trend. The scatter on the weighings 
before the hydrostatic measurement (at zero days) is not significant since each 
calibration involved only one measurement (compared with a minimum of four for all 
subsequent data) so the uncertainty on these pre-hydrostatic values is higher. After the 
hydrostatic measurement of the density the mass values of all artefacts can be seen to 
decrease between about 10 and 30 micrograms. This can be accounted for by the mild 
cleaning effect of the circulation of pure water (at 20°C) around the weight. Over a 
period of about 80 days after the hydrostatic weighing all weights show an increase in 
their mass value by an average of about 50 micrograms (ie slightly more than the weight 
loss after the hydrostatic weighing). After this increase in the value of all the artefacts 
their stability is good with the mass value for each artefact being within a range of ± 10 
pg. Having demonstrated the weights had been stable for a period of at least 100 days 
the start of the vacuum weighings could commence. Any subsequent changes in the 
mass values of the artefacts could thus be ascribed to the effect of vacuum exposure 
rather than any continuing drift in their value. Significantly, the relative stability of the
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weights (i.e. comparisons between the artefacts) shows even better stability than can be 
seen from the absolute values of the weights. This is important since all subsequent 
experimentation involves comparison of the five weights (in air and in vacuum) rather 
than reference to other mass standards.
Figures 5.5 to 5.9 show the absolute stability of all the artefacts used, plotted 
individually allowing expansion of the y-axis.
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Figure 5.5: Stability of integral kilogram artefact 1000(1)
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Figure 5.6: Stability of integral kilogram artefact 1000(2)
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Figure 5.7: Stability of integral kilogram artefact 1000(3)
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Figure 5.8: Stability of composite kilogram artefact 500s
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Figure 5.9: Stability of composite kilogram artefact 2/300s
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The expanded graphs in Figures 5.5 to 5.9 show more detailed plots of the stability of 
the individual artefacts. The final mass stability in air of all artefacts can be seen to be 
well below ± 10 micrograms. This is approaching the practical limit of measurement for 
stainless steel weights in air due to balance repeatability and air buoyancy correction 
discussed earlier.
The mass differences between the artefacts can be measured to a lower uncertainty (the 
air buoyancy correction being minimised by the well matched volumes of the weights) 
and this is illustrated in Figure 5.10 which shows the differences between the two 
weight stacks (500s and 2/300s) and integral kilogram 1000(2) immediately prior to the 
start of the vacuum weighings.
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Figure 5.10: Measured difference between weight stacks and integral kilogram 
1000(2) immediately before vacuum weighings commenced
The graph shows that the weights have differences in the range ± 1.4 micrograms over a 
period of 12 days immediately before going into vacuum, a figure that approaches the 
limit of performance of the balance on which they are compared. These were the three
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weights that were to be used as the transfer standards between air and vacuum. 
Kilogram 1000(1) was to remain permanently in vacuum while kilogram 1000(3) was 
held permanently in air to act as reference weights for the two environments.
5.5 Chapter conclusions
Preliminary measurements have been made on a set of stainless steel weights. The 
density, surface finish and area, and mass stability of the weights have been measured to 
allow direct comparison of weight differences measured in air and in vacuum and a 
quantification of the effect of transfer to vacuum per unit surface area. The volumes of 
the integral and composite weights used for the work have been shown to be well 
matched, minimising the uncertainty due to air buoyancy. The long-term mass stability 
of the weights is good particularly when compared with each other.
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CHAPTER 6: Weighing of stainless steel artefacts in air and in vacuum
6.1 Chapter summary
This chapter describes in detail the weighings in air and in vacuum designed to quantify 
the mass changes in the values of the weights brought about by transfer to and from 
vacuum and also the long-term categorisation of the stability of stainless steel weights 
stored in vacuum.
6.2 Introduction
Measurements on stainless steel artefacts make a useful contribution the work of this 
thesis both from the point of evaluating the apparatus and assessing the experimental 
protocol and in terms of producing results that will allow the traceable calibration of 
stainless steel weights in vacuum. Chapter 5 describes the preliminary measurements 
made on the stainless steel weights in preparation for the weighings in air and vacuum.
6.3 Vacuum Weighings
6.3.1 Short-term stability in vacuum
After the period of in-air stability monitoring described in Chapter 5 (Section 5.4.4), 
kilogram 1000(1) was introduced into vacuum and its stability was monitored against 
another stainless steel weight, which has been in vacuum for a period of 9 months 
(kilogram NPLW55d).
Figure 6.1 show the value of 1000(1) for the 70 hour period after it was first put into 
vacuum. The first weighing took place approximately 20 minutes after introduction into 
vacuum. This represents the minimum time for pumping down the load lock, moving 
the weight into the main chamber and commencing the weighing sequence.
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1 The probable explanation for the apparent mass change observed lies with the 
balance rather than the being a real change in the value of the weight. Later 
results showed that “stiction” (short term micro-welding) between the balance 
pan and the pan brake periodically occurred resulting in inconsistency in the 
balance reading. This phenomenon is caused by the removal of the surface 
layers in vacuum. These layers provide lubrication of the contacting surfaces 
when the balance is used in air. This phenomenon is also the probable cause of 
the contamination seen on the base of the platinum-iridium standard after long 
term storage in vacuum (see Section 8.6).
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Figure 6.1: Stability of 1000(1) after introduction into vacuum (first 70 hours)
The plot shows that the weight appears to lose approximately 3 micrograms over this 
first 10 hours in vacuum and is stable after this period. From 10 to 70 hours the average 
measured mass difference is 968.8 micrograms with a standard deviation of
1.1 micrograms. No explanation can be give for the large deviation of the data between 
30 and 50 hours showing what appears to be a large weight loss (approximately 2 
micrograms) followed by a 4 microgram gain and another 2 microgram loss. It is
j.
interesting that the weight appears to return to the same value. Analysing the data for the 
period 50 to 70 hours gives an average mass difference of 968.5 micrograms (i.e. very 
close to the average of the 10 to 70 hour data) with a standard deviation of only 
0.3 micrograms. Overall an exponential loss of about 3.5 micrograms for the first 70 
hours of exposure to vacuum gives the best fit of the data. This mass loss can be 
modelled by the equation:
M difr =968.5  + 3.5e 007/micrograms...................................... (6.1)
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Where the measured mass of 1000(1) relative to NPLW 55d and t is the time that 
1000(1) had been in vacuum (in hours), 968.5 micrograms being the average of the final 
20 hours of data (assumed to approximate the asymptote).
Expressed in terms of mass loss with time the equation becomes:
AM  = 3.5 x (1 -  e~°011) micrograms........................................... (6.2)
In terms of mass change per unit surface are, given that the surface area of the 
cylindrical stainless steel kilograms is 139.7 cm2, this becomes:
AW = I ^ y x ( l - e_0°7')  (ig/cm2............................................ (6.3)
= 0.025 x (1 -  e-° 07' ) ng/cm2.............................................. (6.4)
6.3.2 Long-term stability in vacuum
After the initial period of stability evaluation 1000(1) remained in vacuum continuously. 
It was monitored against 55d for a period of 70 days before 55d was removed and the 
transfer standard set (1000(2), 500s and 2/300s) were introduced. The transfer standards 
were then compared with 1000(1) (which was assumed to be stable after 70 days in 
vacuum).
Figure 6.2 shows the longer-term stability of 1000(1) monitored against 55d in vacuum. 
The data has been averaged over periods of 24 hours so the loss seen over the first 
70 hours (Figure 6.1) is not obvious. The graph shows reasonably stable results, the 
standard deviation of all the data being 1.4 micrograms with an average value of 
970.6 micrograms. A slight increase in the mass of 1000(1) can be seen over the period. 
A regression analysis of the data gives an increase of 0.022 micrograms per day 
(equivalent to 1.4 micrograms over the period) with a standard error of 
0.008 micrograms per day. If the long-term average difference (970.6 micrograms) is
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compared with the asymptote from the initial data 968.5 micrograms (see Figure 6.1) it 
can be seen that most of the initial loss of 3.5 micrograms shown by this graph is 
regained. Looking at both graphs (Figures 6.1 and 6.2) empirically suggests an initial 
loss of 2-3 micrograms over the first 30 hours followed by a gradual increase of 1- 
2 micrograms over the subsequent 30 days. Given that the change in value of a stainless 
steel weight in air over a similar period could be up to 5 micrograms, and taking into 
account the performance of the balance and the stability of the reference weight (55d), 
the measured long-term changes are small.
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Figure 6.2: Long-term stability of 1000(1) in vacuum
6.4 Quantifying the effect of transfer between a ir and vacuum
The set of three one-kilogram artefacts comprising one integral and two composite 
kilograms (1000(2), 500s and 2/300s) were used as transfer standards to quantify the 
effect of transfer between vacuum and air on stainless steel weights. The weights were 
designed to have different surface area ratios (nominally 1,1.33 and 2) so a simple 
comparison of the weights in air and in vacuum would allow a calculation of the effect 
of transfer on the mass of the weights per unit surface area. The use of integral artefacts 
in air (1000(3)) and vacuum (1000(1)) as reference standards allowed stability
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monitoring of the set of transfer standards each time they were moved between the two 
media to give an assessment of the repeatability of the values obtained in air and in 
vacuum.
6.4.1 Stability of transfer standards in a ir and in vacuum
Figures 6.3 and 6.4 show the stability of the integral transfer standard, 1000(2), 
monitored against the reference standards 1000(1) and 1000(3). Figure 6.3 shows 
weighings performed in air against 1000(3) and weighings performed in both air (up to 
20 days and after 70 days) and vacuum (30 to 60 days) against 1000(1).
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Figure 6.3 Stability of 1000(2) transfer standard  in a ir and vacuum
The initial weighings of 1000(2) against (1) and (3) in air (first 20 weeks) show 
reasonable stability and excellent agreement between the values for 1000(2) obtained 
from the two other standards. After 20 weeks 1000(1) was put into vacuum and 
monitoring of 1000(2) continued against 1000(3) in air. For period between 30 and 
60 weeks 1000(2) (along with 500s and 2/300s) was exchanged between air and vacuum 
a total of 8 times and weighings performed against 1000(3) in air and 1000(1) in
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vacuum. The vacuum weighings were completed after 60 weeks and monitoring of 
1000(2) in air was commenced initially against 1000(3) and after 70 weeks against 
1000(1) as well. The values in air after the vacuum weighings (70 to 90 weeks) show 
less good agreement than those before (up to 20 weeks). This is expected since the 
monitoring standard 1000(1) had been in vacuum for the period 30 to 60 weeks and 
therefore had potentially undergone a (non-recoverable) step change in its mass value 
due to vacuum exposure. The value for the transfer standard 1000(2) does, however, 
appear stable relative to 1000(3) following the period of transfer between air and 
vacuum (last 4 values).
Figure 6.4 examines the period, during which the weight 1000(2) was transferred 
between air and vacuum, in more detail. The transfer standard was compared with 
1000(1) in vacuum and 1000(3) in air.
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Figure 6.4 Stability of 1000(2) during transfers between air and vacuum
The graph shows that the repeatability of the reading in air is slightly better than that of 
those in vacuum. The value of the transfer standard 1000(2) shows an increase relative 
to both the in vacuum and in air standards. The increase against the in air standard is
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slightly greater (approximately 25 micrograms in air compared with about 15 
micrograms in vacuum). This suggests that both the transfer standard 1000(2) and the in 
vacuum standard 1000(1) are increasing in mass relative to the in air standard 1000(3). 
1000(1) shows a 10 microgram increase and 1000(2) a 25 microgram increase over the 
30 week period. This suggests that both the standard in vacuum and the transfer 
standard are accreting surface contamination relative to the in air standard (with the 
transfer standard indicating the most accretion). This hypothesis, however, relies on the 
reproducibility of the transfer standard’s mass change when moving between air and 
vacuum. Given that the mass of 1000(2) has increased, its mass change between air and 
vacuum may also have increased (a greater surface contamination may allow more mass 
to be adsorbed/desorbed). Thus a scenario exists that the in air and in vacuum standards 
are stable relative to each other and both the mass and the change in mass between air 
and vacuum have changed for the transfer standard.
Figures 6.5 and 6.6 show similar plots for the 500s and 2/300s composite transfer 
standards. The first twenty weeks show stability monitoring in air against both standards 
(1000(1) and 1000(3)). The period from 30 weeks shows values in air against 1000(3) 
and in vacuum against 1000(1).
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Figure 6.5: Stability of the 500s transfer standard in air and in vacuum
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Figure 6.6: Stability of the 2/300s transfer standard in air and in vacuum
Both graphs show similar trends. Against the two standards in air (weighings up to 20 
weeks) the stacks appear reasonably stable and agreement between the values of the 
stacks calculated from each of the two standards is excellent. Weighings after 30 weeks 
again represent values against 1000(3) in air and 1000(1) in vacuum. Both stacks show 
an increase in mass relative to both the in air and in vacuum standards. Interestingly, in 
this both cases, the increase is about 36 micrograms against the in air standard and 32 
against the in vacuum standard. This suggests that the in vacuum standard increases by 
only four micrograms against the in air standard, slightly at odds with the results from 
the integral standard 1000(2) which showed a 10 microgram shift between the two. This 
measured increases of 36 and 32 micrograms compare with Figures of 25 micrograms 
(against the in air standard) and 15 micrograms (against the in vacuum standard) for the 
integral transfer standard. Since these results are reliant on the stability of the in air and 
in vacuum standards only general conclusions can be drawn. All the transfer standards 
appear to increase in mass (between 25 and 35 micrograms) during the period of transfer 
between air and vacuum with the stacks increasing more than the integral weight. 
Weighings on 1000(2) in air after the period of air/vacuum transfer weighings indicate 
that the accreted mass is not lost due to storage in air rather than vacuum, and the weight
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is stable. The in vacuum reference standard may show a slight increase relative to the in 
air standard (4 to 10 micrograms).
The comparative mass gain for the three weights in the transfer standard set is shown in 
Figure 6.7.
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The data for the mass gains of the three transfer standards has been summarised in Table 
6.1. Best-fit lines to the measured data have been used to calculate the mass gain with 
time.
Transfer
Standard
Surface area 
(cm2)
Gain with 
time 
(pg/day)
Std. error 
(pg/day)
Gain with time 
per unit SA 
(ng/cm /day)
1000(2) 139.7 0.37 0.29 2.65
500s(l) 188.1 1.14 0.26 6.06
2/300s(l) 284.5 1.40 0.15 4.92
Table 6.1 Mass gain with time for the transfer standards (last 24 days of test)
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While it can be seen that the mass gain shows a trend of being greater for the artefacts 
with the larger surface areas the gain per unit surface area is by no means similar for the 
three artefacts.
6.4.2 Comparisons among the transfer standards
Since the stability of the in air and in vacuum standards (1000(3) and 1000(1)) and the 
absolute value of the in vacuum standard is difficult to assess, changes between in air 
and in vacuum values for the transfer standards are more reliably measured by 
comparisons within the set. The transfer standard set (1000(2), 500s and 2/300s) has 
been designed to have different surface area ratios (1:1.33:2.0) and so the relative values 
of the weights in air and in vacuum can be used to quantify the mass change (per unit 
surface area) on transfer between air and vacuum. The variations in the value of the two 
composite weight stacks relative to the integral cylinder are shown in Figures 6.8 and 
6.9.
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Figure 6.8: Value of 500s relative to 1000(2) in air and in vacuum
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Figure 6.9: Value of 2/300s relative to 1000(2) in air and in vacuum
It can be seen that the values of both 500s and 2/300s, when compared with the integral 
kilogram 1000(2), are lower in vacuum than in air. As expected the difference is greater 
for the weight with the larger surface area (2/300s). The graphs show that the initial loss 
on insertion into vacuum appears higher than subsequent losses (there is a step in the in 
air values after the initial vacuum exposure) and that a mass gain occurs over the first 
few transfers from air to vacuum, this is especially apparent with the 500s composite 
weight and was also noted in the comparisons with the in air and in vacuum standards 
(Figures 6.3 to 6.6). The data shown in the two graphs is summarised in Table 6.2.
SA
(cm2)
In air pre-vacuum In air post-vacuum In vacuum
Diff (pg) sd (pg) Diff (pg) sd (pg) Diff (pg) sd (pg)
500s 188.1 -1.2 0.4 -4.8 1.0 -12.3 1.7
2/300s 284.5 -132.4 0.7 -143.0 3.0 -163.3 3.5
Table 6.2: Summary of values of 500s and 2/300s relative to 1000(2)
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The table shows the non-recoverable mass loss due to initial vacuum exposure and the 
subsequent more repeatable change for transfer between air and vacuum. Both mass 
losses are proportionally greater for the stack with the larger surface area. The mass loss 
figures are expressed in terms of unit surface area in Table 6.3.
Surface 
area diff 
against 
1000(2) 
(cm2)
Change of value in air pre 
and post vacuum exposure
Change in value between vacuum 
and air (post vacuum exposure)
Absolute
Diff
(^g)
Diff. per 
unit SA 
(pg/cm2)
Absolute
Diff
Og)
Diff. Per
unit SA 
(pg/cm2)
500s 48.4 -3.6 -0.074 -7.5 -0.155
2/300s 144.8 -10.8 -0.075 -22.1 -0.153
Av. -0.074 -0.154
Table 6.3: Mass loss per unit surface area for 500s and 2/300s relative to 1000(2)
The Table show excellent agreement for the mass loss per unit surface area between the 
two stacks. Applying the average values to a standard cylindrical stainless steel 
kilogram (surface area 139.7 cm ) gives an initial change on exposure to vacuum of 
-31.9 micrograms and a subsequent repeatable change of -21.5 micrograms equating to a 
non-recoverable initial mass loss of 10.4 micrograms. Comparing these calculated mass 
loss values with the plot of the behaviour of the integral cylinder when first put into 
vacuum (Figure 6.1) it can be seen that the mass loss shown by the graph is considerably 
less than that calculated above. This can be assumed to be because the weakly 
physisorbed surface layers (in the main water vapour) are removed from the weight 
while it is being pumped down to vacuum and so are not present when the weighing 
commences.
6.5 Conclusions from vacuum weighings on stainless steel
6.5.1 Stability in vacuum
The weights stored in vacuum potentially showed a gradual increase in mass of the 
order of 1 to 2 micrograms per month while those transferred between the two media
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showed a more rapid increase (equivalent to 3-4 micrograms per month on a standard 
cylindrical kilogram). An alternative scenario is that the in vacuum standard is stable 
with respect to the in air standard and the transfer standard does not give a repeatable 
change on transfer between air and vacuum. Since the transfer standard has been seen to 
gain mass, it is feasible that the step change in its value between air and vacuum also 
increases. This model is supported by the long-term stability measurements on 1000(1) 
(section 5.5.1) which shows the weight to have good stability over 70 days, a period 
similar to the duration of the transfer test. Of course, the long-term stability check also 
involves the comparison of two masses so it could be that both the reference weight and 
the test weight were gaining mass. This is despite the fact that the reference weight 
(55d) had been in vacuum for 9 months before the start of the test suggesting the mass 
gain is linear with time exposed to vacuum and the rate of accretion does not diminish 
after a period of exposure.
6.5.2 Transfer between vacuum and air
The comparison weighings within the set of transfer standards gave good agreement 
when calculating mass loss on exposure to vacuum. They indicate a repeatable mass loss 
of 0.154 pg/cm between air and vacuum and additional a loss of 0.074 pg/cm on 
initial exposure which was not, in the short term, recovered on returning the weight to 
air. The majority of the mass loss on exposure to vacuum occurs during the pumping 
down of the load-lock (a period of about 10 minutes) and so cannot be seen purely from 
the in vacuum weighing data.
Assuming that the mass change between air and vacuum represents the weakly 
physisorbed component of the accreted surface contamination it appears that a larger 
amount of accretion is removed on initial exposure to vacuum (approximately equal to 
0.228 pg/cm2) than on subsequent exposure (about 0.154 pg/cm2). Given that a 
monolayer of water adds approximately 30 ng/cm2 to the mass of an artefact the 
repeatable change could be interpreted as the ^ sorption of 5 monolayers (or 1.5 nm) of 
water from the surface of the weights. This assumes equivalence between the geometric 
surface area and the actual surface area. This is obviously not true in practice but the 
effect of surface finish has been shown to be relatively small in relation to humidity
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effects (Kochsiek, 1982 [72]). Five monolayers of water, however, would not constitute 
a stable surface layer and it is likely that the water adsorbs into the contamination layer 
that is strongly bonded to the surface of the weights. Schwartz (1994) [79] found that 
sorption behaviour was more heavily influenced by surface cleanliness than by surface 
finish.
The non-recoverable mass loss seen on initial exposure to vacuum (0.054 pg/cm )
represents slightly less than 2 monolayers of water. This may be residual water from the
hydrostatic weighing process. Although the hydrostatic weighings were preformed about
6 months before the exposure to vacuum an adsorbed water layer could remain on the
surface, as the weights were not exposed to low humidity conditions, always being kept
in the range 40 to 60 % RH. This is in line with previous research such as that by 
IS
Kobayashi [xx] showing that the full weight loss of a weight exposed to 56% humidity 
occurred only after 30 days in still laboratory air at 0% RH.
Although humidity was not controlled during the weighings in air an average figure of 
50% can be assumed. Given that measurements in vacuum represent a 0% RH datum 
the reversible change per unit surface area in terms of relative humidity can be 
calculated as 0.03 pg/cm /%RH. This is at the upper end of the range of data previously 
reported for measurements in air at different humidities (1 to 30 ng/cm2/%RH) (see 
Chapter 3, Section 3.3.2.3). This is to be expected since the effect of exposure to 
vacuum is likely to remove more water from the surface than simply exposing the 
weights to low humidity. Indeed Quinn (1993) [78] stated that the effect of exposure to 
vacuum was an order of magnitude greater than the effect seen in air.
6.6 Chapter summary
A set of three weights of different surface areas has been used to quantify the effect of 
vacuum exposure on stainless steel weights. Good agreement between the data was 
achieved and values for step changes on stainless steel for non-reversible initial change 
and subsequent reversible change on exposure to vacuum were calculated. The 
experimental protocol was verified and a similar weighing schedule will be used for 
experimentation on platinum-iridium weights.
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CHAPTER 7: Preparatory measurements on platinum-iridium weights
7.1 Chapter summary
This chapter describes the preliminary measurement made on the platinum-iridium 
weights prior to the evaluation in air and vacuum. Measurements of surface roughness, 
surface area and density were made together with initial in air weighings to check the 
mass stability of the standards.
7.2 Background
The SI unit of mass relies on standards manufactured from platinum-iridium alloy both 
for its definition and maintenance at the international level and for its dissemination to 
and maintenance at the national level. The unit is defined by a platinum-iridium artefact 
(the International Prototype of the Kilogram) kept at the Bureau International des Poids 
et Mesures (BIPM) in Paris.
All major National Measurement Institutions (NMIs) have an official copy, which is 
traceable to the International Prototype, used for dissemination of the unit nationally. 
The limitations of this method for the maintenance and dissemination of the unit, 
primarily concerning the stability of the artefacts themselves and the effect of the 
nettoyage-lavage cleaning process, are discussed in Chapters 1 and 2. The stability of 
the International Prototype is of concern since the value of this artefact defines the 
whole scale. The BIPM maintain a number of copies by which the stability of the 
International Prototype can be monitored both before and after cleaning (which must be 
performed each time the national standards are sent to the BIPM for periodic re­
verification). Although there are limitations with this system -  not least the stability of 
the monitoring standards, this goes some way to alleviating the problem of the stability 
of the International Prototype.
Perhaps a greater problem is the stability of the national copies and the assignment of a 
value to these by their NMIs. After cleaning, monitoring of the weights stability for 
about 3 months and final calibration at the BIPM the national standards are returned to
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their NMIs. A value is assigned to the standards just before they leave the BIPM but it is 
up to the individual NMIs to predict the mass stability after this. Given that most NMIs 
only have one platinum-iridium kilogram (the national standard) any monitoring of the 
weight is impossible. NMIs must rely on empirical data from the BIPM relating to the 
standards they maintain to construct an algorithm for the stability of its kilogram. Due to 
the lack of data most NMIs adopt algorithms of either 1 microgram per year mass gain 
or absolute stability (zero mass gain). This is far from ideal and it is hoped that a more 
thorough investigation of the stability of platinum-iridium kilograms in air and vacuum 
will lead to a better understanding of the mechanisms by which the mass stability of 
these kilograms is affected.
For the results of the experimentation described in the following two chapters to be 
directly applicable to the national standard kilograms described it was necessary to have 
all the platinum-iridium weights used for the research manufactured using the same 
procedure as for the national kilograms, including final machining at the BIPM.
7.3 The platinum-iridium weights
The manufacturing process for the platinum-iridium weights used for this part of the 
work is described in Chapter 4. In all twenty weights were manufactured by the BIPM as 
follows:
2 x 1  kilogram (official copies 81 and 82 of the international prototype)
3 x 498 grams (numbered 1 to 3)
3 x 500 grams (numbered 4 to 6)
3 x 294 grams (numbered 1 to 3)
3 x 300 grams (numbered 4 to 6)
6 x 200 grams (numbered 1 to 6)
Note that the 498 and 294 gram weights are designated 498(1) to 498(3) and 294(1) to 
294(3) but for the preliminary machining were designated 500(1) to 500(3) and 300(1) 
to 300(3).
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These weights, along with a kilogram (A) already owned by NPL, would be used for the 
in air and in vacuum weighings. Kilogram A would act as the in air monitoring standard 
and kilogram 81 as the in vacuum monitoring standard. Kilogram 82, along with three 
sets of two composite kilograms (500+498+spacers and 300+294+200+200+spacers), 
would act as three sets of transfer standards. Figures 7.1a and 7.1b shows the 
component parts and assembly of one set of platinum-iridium integral and composite 
kilogram standards.
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A
500 g
+ — 39mm— -► r* — 3 9m i
19.4mm
I
19.5mm
▼
200 g 7.8mm
A
y
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▼ .
294 g 11.5mm
▲ '
T
300 g 11.7mm
39mm
Figure 7.1a: Schematic of integral/composite platinum-iridium kilogram standards
Figure 7.1b: Assembled integral/composite platinum-iridium kilogram standards
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7.4 Preliminary measurements
As with the stainless steel weights described in the previous chapter, measurements of 
density, surface area and finish and mass stability in air were made on all the platinum- 
iridium weights before commencing the weighings in vacuum.
7.4.1 Density determination
As with all copies of the international prototype of the kilogram, the densities of 
kilograms 81 and 82 were measured at the BIPM prior to final machining and 
adjustment.
In order that measurements on the composite weight stacks could start soon after receipt 
of the weights the densities of only five of the sub-multiple weights were measured 
(immersion in water for the hydrostatic weighing necessary for density determination 
results in mass instability in the weights). Since the positions of all the sub-multiples 
(and kilograms 81 and 82) within the billet used for their manufacture was known, and 
the homogeneity of the billet has been found to be good (see Chapter 4 section 4.9.3), 
taking samples of the weights along the billet would allow calculation of the densities of 
the other weights by interpolation. Tables 7.1 and 7.2 show the position of all the 
weights within the billet used for their manufacture.
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Weight
ident.
Pre m/c 
thickness 
(mm)
Pos. in 
billet 
(mm)
Measured
Density
(kg/m3)
200(1) 9 4.5 21544.45
200(2) 9 13.5
200(3) 9 22.5
200(4) 9 31.5
200(5) 9 40.5
500(2) 21 55.5
500(5) 21 76.5 21544.76
500(6) 21 97.5
200(6) 9 112.5
300(1) 13 123.5
300(2) 13 136.5
300(3) 13 149.5
300(4) 13 162.5
300(5) 13 175.5
300(6) 13 188.5 21545.33
Weight
ident.
Pre m/c 
thickness 
(mm)
Pos. in 
billet 
(mm)
Measured
Density
(kg/m3)
Kg 81 42 21 21544.30
kg 82 42 63 21543.55
500(1) 21 94.5 21543.02
500(3) 21 115.5 21542.70
500(4) 21 136.5
Tables 7.1 and 7.2 Positions of platinum-iridium weights within the two billets 
used for their manufacture and their measured densities
The densities of the weights measured showed a reasonably linear behaviour with their 
position in the billets. This allowed interpolation of the densities of the remaining 
weights to a reasonable uncertainty without the need for hydrostatic weighing. Plotting 
density against position in the billet for the measured weights gives the graphs shown in 
Figures 7.2a and 7.2b.
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Figure 7.2a: Plot of measured density against position for billet 1
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Figure 7.2b: Plot of measured density against position for billet 2
The linear nature of the density variation with position allowed the calculation of the 
densities of the remaining weights. Table 7.3 gives the measured (bold) or calculated 
densities for all weights together with estimated uncertainties.
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Weight
Ident.
Meas./calc.
Density
(kg/m3)
Estimated
Uncertainty
(kg/m3)
Weight
Ident.
Meas./calc.
Density
(kg/m3)
Estimated
Uncertainty
(kg/m3)
Kg 81 21544.30 0.10 294(1) 21545.00 1.48
Kg 82 21543.55 0.10 294(2) 21545.07 1.42
294(3) 21545.13 1.36
498(1) 21543.02 0.82 300(4) 21545.20 1.31
498(2) 21544.67 1.18 300(5) 21545.26 1.25
498(3) 21542.70 0.56 300(6) 21545.33 0.62
500(4) 21542.38 0.98
500(5) 21544.76 1.12 200(1) 21544.45 1.32
500(6) 21544.87 1.60 200(2) 21544.49 1.61
200(3) 21544.53 1.58
200(4) 21544,57 1.56
200(5) 21544.61 1.53
200(6) 21544.94 1.49
Table 7.3: Measured/calculated densities for all platinum-iridium weights
As with the stainless steel weights, spacers manufactured from platinum-iridium wire 
were used to separate the components in the composite kilogram weight stacks. The 
wire used was 2mm in diameter and approximately 1 cm long. The density of the wire 
was determined by dimensional measurements on the bulk of the wire and found to be
' I ' l21540 kg/m ±10 kg/m . The overall length of wire used to manufacture the spacers for 
each stack was adjusted to give the stacks an overall conventional mass within 
200 micrograms of 1 kilogram.
Table 7.4 gives the calculated volumes of the integral cylinders and the component parts 
of the weights stacks together with an overall volume for the weight stacks and spacers.
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Weight
stack
Weight
identification
Calculated 
volume @ 20°C 
(cm3)
Estimated
Uncertainty
(cm3)
1000 A 46.459 53 0.000 24
81 46.419 43 0.000 22
82 46.417 61 0.000 22
500s(l) 498(3) 23.116 95 0.000 60
500(5) 23.207 56 0.001 21
Spacers 0.092 90 0.000 04
Total 46.417 41 0.001 4
500s(2) 498(1) 23.116 56 0.000 88
500(4) 23.210 15 0.000 60
Spacers 0.092 92 0.000 04
Total 46.419 63 0 .0011
500s(3) 498(2) 23.114 73 0.001 26
500(6) 23.207 43 0.001 11
Spacers 0.093 03 0.000 04
Total 46.415 19 0.001 7
2/300s(l) 2 0 0 (1 ) 9.283 14 0.000 57
200 (2) 9.283 16 0.000 56
294(3) 13.645 82 0.000 50
300(6) 13.924 19 0.000 40
Spacers 0.278 90 0.000 12
Total 46.415 21 0 .0011
2/300s(2) 200 (4) 9.283 14 0.000 54
200 (6) 9.282 96 0.000 41
294(1) 13.645 82 0.000 58
300(5) 13.924 23 0.000 44
Spacers 0.278 86 0.000 12
Total 46.415 01 0.001 0
2/300s(3) 200 (3) 9.283 11 0.000 55
200 (5) 9.283 08 0.000 53
294(2) 13.645 84 0.000 54
300(4) 13.924 28 0.000 48
Spacers 0.278 95 0.000 12
Total 46.415 26 0.0011
Table 7.4: Calculated volumes of integral weights and weight stacks
7.4.1.1 Uncertainty contributions from volume determination
Due to the good homogeneity of the billet the volumes of the integral and composite 
weights manufactured for this project are well matched with a spread of only 
0.004 4 cm3. Unfortunately the use of kilogram A increases the range of volumes of 
weights used to 0.044 cm3. Given the large volume difference between kilogram A and 
the other weights it would have been sensible to use this as the in vacuum standard so 
no buoyancy correction would be needed. Unfortunately this was not possible since 
kilogram A forms an integral part of the UK’s mass scale and its use in vacuum would 
have compromised the calibration history of the weight.
Given the volumes of the weights used the maximum buoyancy correction (BC), to be 
applied for comparisons made in air between the artefacts, is:
BC = AV x AD
BC = 0.044 cm3 x 0.001 2 g/cm3 (assuming standard air density)
BC = 52.8 micrograms
Where AV is the volume difference between the weights being compared in air of 
density AD.
The (maximum) uncertainty contribution from the applied buoyancy correction ( U bc)  
for comparison of the weights in air is thus given by:
Ubc = Uad x AV
U bc  = 0.000 000 2 g/cm3 x 0.044 cm3 
U bc = 8.8 nanograms
Where U ad  is the uncertainty in the calculation of the air density.
Therefore, even given the relatively large difference in volume between kilogram A and 
the other weights, the uncertainty due to air buoyancy is still negligible.
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The maximum uncertainty in the volume determination of the artefacts ( U vol)  is 
0.001 7 cm3 on the 500s(3) composite stack weight. The mass uncertainty contribution 
from this is component equal to:
Uy = U vol x  AD
Uy = 0.001 7 cm3 x 0.001 2 g/cm3 (assuming standard air density)
U y  =2.1 micrograms
This value is the most significant uncertainty contribution for the comparison of the 
values of the weights in air and in vacuum. As with the stainless steel weights this 
uncertainty contribution is only significant when comparing weighings made in air with 
those made in vacuum. The stability of the weights in both air and vacuum will be 
monitored to a much lower uncertainty (effectively given by the repeatability of the 
balance) since the uncertainty in the volume of the weights has a much less significant 
contribution. For the comparison of weighings made either entirely in air or entirely in 
vacuum the uncertainty contribution for the volume of the weights is:
U y = U vol x  AAD
Where U vol is the uncertainty in the volume of the weight and AAD is the range of air 
density in which the weight is measured.
Thus for vacuum U y tends to zero since the air density is negligible.
For weighings solely made in air the uncertainty is:
Uy(AIR) =  U vol x AAD
Uy(AiR) = 0.001 7 cm3 x (0.001 24 -  0.001 14) g/cm3 
Uv(air) = 0.17 micrograms
Given that the air density at NPL typically varies between 1.14 and 1.24 kg/m3.
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7.4.2 Surface area measurements
The surface areas of the integral and composite artefacts were calculated from simple 
dimensional measurements. Since the mass changes expected were small (tens of 
micrograms and possibly less that this) the accuracy with which these changes could be 
measured was of the order of 1% (due to the balance performance and the buoyancy 
effects described above). The accuracy with which the surface areas of the artefacts 
needed to be known was therefore not high (1 in 103 being more than adequate) and 
basic dimensioning of the artefact components was sufficient. Table 7.5 summarises the 
dimensional measurements and calculated volumes of the integral and composite 
kilogram artefacts.
Artefact Components Diameter
(mm)
Length
(mm)
Calculated 
surface area 
(cm2)
Surface area 
ratio
A - 39.17 38.56 71.54 1
81 ,82 - 39.17 38.52 71.50 1
500s 500 39.17 19.26 47.08
498 39.17 19.18 47.71
Spacers 2.005 2.94 1.92
Total 96.71 1.35
2/300s 300 39.17 11.56 38.32
294 39.17 11.32 38.04
200 39.17 7.70 33.58
200 39.17 7.70 33.58
Spacers 2.005 8.83 5.63
Total 149.15 2.09
Table 7.5: Surface areas of integral and composite kilogram artefacts
7.4.3 Surface roughness measurements
Using the off cuts from the manufacturing process two samples of platinum-iridium 
were prepared by the BIPM with the same surface finish that was achieved on the 
weight pieces. The surfaces of these samples were measure using an Atomic Force 
Microscope (AFM) to examine the quality of the surface finish. A Nanoscope II stand-
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alone AFM head was used with a nitride pyramidal tip. Two samples were studied each 
being examined at two positions on its surface. The two sets of measurements from the 
first sample (R2) were taken at nominally the same angle. The measurements for the 
second sample R4 are taken at angles about 60° apart to test for periodicity of the finish 
along different lays of the surface. Figure 7.3a to 7.3j shows the results of the AFM 
measurements on the two platinum-iridium surface samples. For each sample position 
images were captured at x-y ranges of 30 pm, 10 pm and 4 pm. A cross-section of the 
10 pm scan was taken, approximately orthogonal to the main lay of the surface, to 
highlight any periodicity and to allow calculation of the surface roughness. Two- 
dimensional Fourier transforms of the 30 pm scans were performed to highlight any 
systematic variation in the surface finish such as machining marks.
Figure 7.3a: 30 pm AFM scan Sample R2 position 1
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Figure 7.3b: 2D Fourier transform of 30pm AFM scan Sample R2 position 1
Figure 7.3c: 10 pm AFM scan (cross section) Sample R2 position 1
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Figure 7.3d: 4 pm AFM scan (isometric view) Sample R2 position 1
142
Results from sample R2 position 1 (Figures 7.3a to 7.3d) show a slight periodicity to the 
surface, which is otherwise essentially featureless. The cross-section of the 10 pm scan 
gives a surface roughness (Rz) of 4.8 nm. The 2 dimensional Fourier transform indicates 
only slight periodicity to the surface (shown as a line at about 10° to the horizontal).
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Figure 7.3e: 30 pm AFM scan Sample R2 position 2
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Figure 7.3f: 2D Fourier transform of 30pm AFM scan Sample R2 position 2
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Figure 7.3g: 10 pm AFM scan (cross section) Sample R2 position 2
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Figure 7.3h: 4 pm AFM scan Sample R2 position 2
The results from the second scan of sample R2 (Figures 7.3e to 7.3h) again show 
virtually featureless surface with slight periodicity. The 10 pm cross-section gives a Rz 
value for surface roughness of 4.1 nm. The 2-D transform shows slightly stronger 
periodicity than the first sample at approximately the same angle to the scan.
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Figure 7.3i: 30 pm AFM scan Sample R4 position 1
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Figure 7.3j: 2D Fourier transform  of 30pm AFM scan Sample R4 position 1
Figure 7.3k: 10 pm AFM scan (cross section) Sample R4 position 1
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Figure 7.31: 4 ju,m AFM scan Sample R4 position 1
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Figure 7.3m: 4 pm AFM scan (isometric view) Sample R4 position 1
Results from the first scan on the second sample (R4) (Figures 7.3i to 7.3m) show a 
more obviously periodic surface finish than the R2 sample, shown by the more 
pronounced line on the 2-D transform. The surface finish is similar to that of the R2 
sample with the cross-section giving an Rz value of 3.9 nm.
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Figure 7.3u: 30 pm AFM scan Sample R4 position 2
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Figure 7.3o: 2D Fourier transform  of 30pm AFM scan Sample R4 position 2
Figure 7.3p: 10 pm AFM scan (cross section) Sample R4 position 2
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Figure 7.3q: 4 pm AFM scan Sample (isometric view) R4 position 2
The results for the second position on the R4 sample show even more pronounced 
periodicity. The 2-D transform giving a very strong line (albeit at a different angle since 
the sample has been rotated through about 60°). The cross-section again gives a similar 
surface finish of 4.2 nm (Rz).
Overall, the diamond turned surfaces show a very good surface finish (Rz » 5 nm) and a 
slight periodicity, which would be expected from the machining process. The two 
dominant periodicities of the machining lines occur at about 3 pm and 0.3 pm probably 
brought about by the two final cuts performed on the weights (assuming a feed rate of 
1/10 of the penultimate cut for the final cut).
7.4.4 Stability of weights in air
7.4.4.1 Kilograms 81 and 82
As official copies of the international prototype of the kilogram, the stability of 
kilograms 81 and 82 was monitored before leaving BIPM to check the stability of the 
weights and their suitability as national standards. Due to the length of the 
manufacturing process for the smaller weights the stability of 81 and 82 was also 
monitored at NPL for four months before the start of the vacuum weighings. Figure 7.4
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shows the stability of kilogram 81 and kilogram 82 plotting values taken before and 
after their receipt from the BIPM.
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Figure 7.4: Stability of kilogram 81 and kilogram 82 before vacuum exposure
The graph shows the values quoted by the BIPM at zero time followed by the values 
measured at NPL using kilograms 18 and A as standards. A step change can be seen 
between the values from BIPM (t=0) and the first calibration by NPL (t=l month). This 
may represent an increase in mass for both weights, likely, as the weights have been 
recently cleaned after manufacture or may also be due to a discrepancy between the 
values of the BIPM and NPL standards. The mass stability of the weights as measured at 
the NPL can be seen to be excellent for both standards over the period of 4 months 
directly before each was put into vacuum.
7.4.4.2 Sub-multiple weights
Each of the individual weights used to make up the six composite kilogram artefacts 
(6 x 200g, 3 x 294g, 3 x 300g, 3 x 498g and 3 x 500g) were monitored for mass stability 
for 1 month after receipt from the BIPM. None of the weights changed by more than 6
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jug over this period. The most stable individual weights were selected to make up the 
first set of transfer standards.
7.5 Chapter conclusions
Preliminary measurements have been made on all the platinum-iridium weights used for 
the gravimetric work performed as part of this thesis. Density measurements, necessary 
to allow the comparison of mass values in air and vacuum were made and showed the 
good homogeneity of the source material. Surface roughness measurements made using 
AFM techniques showed the excellent surface finish. Mass stability measurements on 
the integral and composite kilogram artefacts showed that they were stable, within the 
performance of the balance used, before the start of the in vacuum part of the work.
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CHAPTER 8: Gravimetric measurements on platinum-iridium weights in air and 
in vacuum
8.1 Chapter summary
This chapter describes the weighings in air and in vacuum on the platinum-iridium mass 
standards, looking at the stability in vacuum and the effect of repeated transfer between 
air and vacuum conditions.
8.2 Introduction
Chapter 7 has described the need for this experimentation to take place on weights of 
similar manufacture and finish to the national kilograms used by NMIs around the world 
to realise traceability in their individual countries. The weights have been assessed for 
density, surface finish and mass stability in air, all described in Chapter 7. This was 
necessary to allow a meaningful comparison of the in air and in vacuum values of the 
weight and to assess how closely the finish and composition of the weights matched that 
of the national standard copes of the Kilogram, also produced at the BIPM.
By using sets of transfer standards with different surface areas the effect of transfer from 
between air and vacuum could be assessed in terms of unit surface area simply by 
intercomparison within the set. Standards held in vacuum and air could be used as 
reference weights with which to gauge the repeatability of the values of the transfer 
standards in the two media.
8.3 Vacuum Weighings
8.3.1 Short-term stability in vacuum
As discussed in Chapter 6 cylindrical stainless steel kilogram weight 1000(1) was used 
as an in vacuum reference standard for the stainless steel weighing analysis. Following 
the conclusion of the part of the work involving stainless steel weights, 1000(1) 
remained in vacuum and was used as a reference standard against which the stability of
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platinum-iridium kilogram 81 could be assessed. At the time when kilogram 81 was put 
into vacuum 1000(1) had been in vacuum for approximately 12 months. Figure 8.1 
shows the behaviour of kilogram 81 with respect to 1000(1) over the first 50 hours of its 
initial exposure to vacuum.
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Figure 8.1: Stability of kilogram 81 following introduction into vacuum
The last 20 hours of data give a reasonably stable value for kilogram 81, the average 
measured mass difference being 1202.3 micrograms (with a standard deviation of 0.5 
micrograms). Using this as an asymptote and fitting an exponential loss to the mass of 
81 gives the equation:
M m =  1202.3+ 2.5«r01' ...................................................... (8.1)
where t is the time in vacuum for 81, in hours.
Expressed in terms of mass loss with time the equation becomes:
A M  = 2.5 x (1 -  e~° 11) grams...................................................(8.2)
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In terms of mass change per unit surface area, given that the surface area of the integral
• 9platinum-iridium kilograms is 71.5 cm , this becomes:
AM  = ai/) Fg/cm2...................................................... (8.3)
= 0.035 x ( \ - e ~ 0Xt) pg/cm2.....................................................(8.4)
8.3.2 Long-term stability in vacuum
The longer-term stability of kilogram 81, over a period of 30 days after its introduction 
to vacuum, is shown in Figure 8.2.
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Figure 8.2: Longer term stability of kilogram 81 in vacuum
The kilogram shows excellent stability over the period giving an average measured mass 
difference of 1203.0 micrograms with a standard deviation of 0.2 micrograms for the 
measured data, this figure being within the measured repeatability of the balance (see 
Chapter 4).
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8.4 The effect of transfer between air and vacuum
The composite kilograms (500s(l) to 500s(3) and 2/300s(l) to 2/300s(3)) were used, 
together with integral kilogram 82, as transfer standards between air and vacuum. The 
weights were used in three sets ((1), (2) and (3)) and compared with kilogram 81 in 
vacuum and kilogram A in air. Figure 8.3 illustrates the role of the composite weights 
and integral kilograms for the gravimetric work.
In air 
standard
Transfer standard sets
Set 1 Set 2 Set 3
In vacuum 
standard
500*1)
2/3CXM1)
500s(2)
2/300s(2) 2/30(M3)
500 s(3)
81
Figure 8.3 Use of integral and composite weights in air and in vacuum
The three weights in each transfer standard set had different surface areas so comparison 
of the changes within the set allowed quantification of the effect of transfer between air 
and vacuum. Comparison against the standards permanently in air and in vacuum 
allowed an assessment of the repeatability of the changes measured and of the stability 
of the transfer standards.
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8.4.1 Results for transfer standard set 1
Transfer standard set 1 was exchanged between air and vacuum to quantify the effect of 
the transfer per unit surface area. The set was transferred into and out of vacuum a total 
of nine times. Each time the weights were held in vacuum for a minimum of five days 
and at least five sets of comparisons with the in vacuum standard were performed. The 
weighings in air were performed over a similar time period and for a similar number of 
weighing series. Each point on the graphs shown in figures 8.4a to 8.4e thus represents 
the average of at least 5 weighing runs. For each weighing nm all four weights (the three 
transfer standards together with the in air or in vacuum standard) were compared with 
all the others and a least squares fit of the data was performed.
Figure 8.4a shows the stability of the integral cylinder transfer standard (kilogram 82) in 
air (compared with A) and in vacuum (compared with 81). The alignment between the 
two y-axes is arbitrary since traceability between A and 81 is achieved via 82.
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Figure 8.4a: Stability of kilogram 82 (integral cylinder) in air and vacuum
The graph shows values of 82 when compared in turn with the in vacuum and in air 
standards. No conclusions can be drawn from this data regarding the relative value of 82 
in the two media since the value of the in vacuum standard is not known relative to the 
in air standard (the transfer standard effectively providing the traceability). Examining
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the individual data for in air and in vacuum values shows that the spread of values is 
broadly equivalent. The in air weighings show quite a large scatter, larger than would be 
expected from continuous weighing in air, an show a slight increase with time. 
Significantly, this increase with time can be seen to continue even when the weight has 
not been transferred into and out of vacuum, as shown by the last two in air 
measurements. The in vacuum weighings show a step change of about 10 micrograms 
between the first two weighings and the seven subsequent weighings which cannot be 
explained and is not echoed by the in air weighings. This suggests the change may be a 
mass loss in the in vacuum standard (kilogram 81) rather than an increase in the mass of 
the transfer standard (kilogram 82). Apart from this step change the in vacuum values 
show good stability and no relative mass change with time.
Kilogram 82 had been exposed to vacuum before its use in this transfer standard set. 
Figure 8.4b shows the stability of the kilogram since its first exposure to vacuum 
(negative values represent data from before the start of its use in transfer standard set 1).
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Figure 8.4b: Stability of kilogram 82 (integral cylinder) since its first exposure to
vacuum
The graph shows more obviously the upward trend in the in air values of the weight. It 
can be seen that this trend starts only after the first exposure to vacuum as the first two
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in air readings show good agreement. The longer-term stability of kilogram 82 is 
considered later in the chapter.
In a similar way to figure 8.6a, figures 8.4c and 8.4d show the stability of the two 
composite transfer standards (500s(l) and 2/300s(l)) in air and in vacuum.
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Figure 8.4c: Stability of 500s(l) (two piece composite) in air and vacuum
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Figure 8.4d: Stability of 2/300s(l) (four piece composite) in air and vacuum
As with the integral cylinder the values in air and in vacuum cannot be directly 
compared but the relative stabilities of the two sets of data can be analysed. The data for
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both composite kilograms follow similar trend both in air and in vacuum. An initial 
mass loss is followed by a rapid mass gain and loss and subsequent gradual increase in 
air over the final 6 in air measurements (90 days). Over the same period the in vacuum 
measurements appear relatively stable. This is similar behaviour to the integral kilogram 
except that the mass loss/gain at the start of the measurement series is more pronounced. 
Examining the in air values of all three artefacts over the last 90 days of this test shows 
that the mass gain rate is greater for the artefacts with the larger surface areas as would 
be expected for a surface rather than a bulk phenomena. The gains for all three artefacts 
over the last 90 days of the test are compared in Figure 8.4e.
130 in
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—*— 2/3008(1) 
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Figure 8.4e Mass gain (in air) for transfer standards from set 1 (last 90 days)
Given some variation in the data the overall slopes for the three artefacts can be seen to 
increase depending on the surface area of the artefact. The data and best-fit slopes are 
summarised in Table 8.1.
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Transfer
Standard
Mass gain
(ng)
Surface area 
(cm2)
Gain/unit SA 
(pg/cm2)
Gain with time 
(ng/cm /day)
82 13.3 71.5 0.19 2.85
500s(l) 16.4 96.7 0.17 2.04
2/300s(l) 29.3 149.2 0.20 2.40
Av. 0.185
based on a best fit line through the 6 data points
Table 8.1: Mass gain for final 90 days of test on transfer standard set 1
Good consistency between the mass gain data per unit surface area can be seen. It is 
interesting that this phenomenon can only be seen for the weighings in air, suggesting 
that the majority of the additional accreted mass is weakly physisorbed and so lost on 
return to vacuum. The mass gain phenomenon can also be seen to persist after the end of 
the weighings in vacuum (see figures 8.4a to 8.4c).
Figures 8.4f and 8.4g show the values the composite kilograms relative to the integral 
cylinder in air and in vacuum. These measurements always involve the comparison of 
the same artefacts, whether in vacuum or in air, and thus values in the two media can be 
directly compared.
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Figure 8.4f: Value of 500s(l) relative to 82 in air and vacuum
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Figure 8.4g: Value of 2/300s(l) relative to 82 in air and vacuum
The two graphs show similar effects with both 500s(l) and 2/300s(l) giving lower 
values in vacuum than in air relative to 82. As was indicated in the previous graphs the 
repeatability of the value of 500s(l) is better than that of 2/300s(l). This is due to its 
smaller surface area but also may reflect the greater amount of manipulation the four- 
weight stack required on transfer to and from vacuum. Analysing the data for the two 
stacks shows that they are both about 10 micrograms lighter in vacuum relative to the 
integral weight. This is interesting, as one would expect the change to be dependant on 
surface area a behaviour seen with the subsequent measurements. The data from this 
first set of measurements is summarised is Table 8.2.
Stack Mass change 
(vacuum -  air) 
Relative to 82 
(gg)
Standard deviation 
of measured mass 
change 
(Jig)
Surface area 
difference 
from cylinder 
(82) 
(cm2)
Mass change 
per unit 
surface area 
(pg/cm2)
500s(l) -9.6 3.6 25.2 -0.38
2/300s(l) -11.5 5.4 77.6 -0.15
Table 8.2: Mass change (relative to 82) for composite kilogram in vacuum (transfer
standard set 1)
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The results show similar absolute mass changes for the two composite kilograms, the 
change for the four-piece stack being only slightly greater than for the two-piece sack. 
Standard deviations for the values are reasonable, being less than half the measured 
change in both cases. When expressed in terms of a mass change per unit surface area 
however, the change shown by the two-piece stack is over twice that of the four-piece 
stack.
8.4.2 Transfer standards set 1 (repeat)
For an interim period of approximately 1 year the first set of transfer standard were 
stored in filtered laboratory air and not used. Storage conditions consisted of a sealed 
enclosure open to the laboratory via two 0.2 pm micropore filters (see figure 2.7, 
Chapter 2). The measurements performed on the transfer standards, described in Section
8.4.1 were then repeated. Figure 8.5a shows the stability of the cylindrical kilogram 82 
during this second series of in air and in vacuum measurements.
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Figure 8.5a: Stability of 82 (integral cylinder) in air and vacuum
The plot shows similar stability to the first series of measurements on kilogram 82. 
Unlike the previous measurements, no overall mass gain trend can be seen over the 
period of the test. The weight does however show a significant mass gain 
(approximately 12 micrograms) between the first and second weighings in air. In air and
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in vacuum weighing follow the same patterns indicating that the two reference standards 
are reasonably stable relative to each other over the period, although the weighings in 
vacuum show slightly poorer repeatability.
Figures 8.5b and 8.5c show the stability of the composite kilograms, 500s(l) and 
2/300s(l), over the same period.
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Figure 8.5b: Stability of 500s(l) (two piece composite) in air and vacuum
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Figure 8.5c: Stability of 2/300s(l) (four piece composite) in air and vacuum
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As with the kilogram no significant mass change can be seen over the period of the test. 
The repeatability of both composite weights appears slightly worse in vacuum than in 
air, with the 2/300s(l) weight again showing a wider spread of results due to its greater 
surface area and difficulty of manipulation.
A large mass gain can be seen between the first and second in air weighings for both 
stacks, this is the same behaviour as was seen for the integral kilogram. This may 
indicate a step change in the in air standard but this is extremely unlikely as the stability 
of the weight, kilogram A, is known to be very good. Table 8.3 summarises the step 
change on this first vacuum exposure.
Transfer
Standard
Mass gain 
(Air 2-Air 1) 
(fig)
Surface area 
(cm2)
Gain/unit SA 
(pg/cm2)
82 12.0 71.5 0.17
500s(l) 11.8 96.7 0.12
2/300s(l) 23.0 149.2 0.15
Table 8.3: Mass gain between first and second in air weighings (transfer standard
set 1, repeat test)
The table shows the similarity of the behaviour, in terms of change per unit surface area, 
for all three weights. The fact that the four-piece stack has changed twice as much in 
absolute terms as the other weights suggests that the measured mass change is not due to 
a change in the value of the in air standard. The integral kilogram and 500s(l) weight 
stack show similar changes to those in the table between the first and second in vacuum 
weighings (9.0 and 9.1 micrograms). This would suggest that the increase in mass 
occurs on the first exposure to air after the vacuum weighings. The 2/300s(l) stack, 
however, only gains 5.1 micrograms between the first and second vacuum weighings 
suggesting the majority of the mass gain occurs early during the initial exposure to 
vacuum.
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Figures 8.5d and 8.5e show the values of the two composite weights relative to the 
integral kilogram. These again allow direct comparison of values of the weight stacks in 
air and in vacuum.
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Figure 8.5d: Value of 500s(l) relative to 82 in air and vacuum
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Figure 8.5e: Value of 2/300s(l) relative to 82 in air and vacuum
Although the repeatability of the results is quite poor especially for the 2/300s(l) stack, 
it can be seen that the in vacuum weighings give systematically lower values than those 
in air. Table 8.4 summarises the mass change between air and vacuum for the two
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composite kilograms. Due to the step change in mass observed over the first vacuum 
exposure these weighings have not been included in the calculations.
Stack
Mass change 
(vacuum -  air) 
Relative to 82 
(ng)
Standard deviation 
of measured mass 
change 
(fig)
Surface area 
difference 
from cylinder 
(82) 
(cm2)
Mass change 
per unit 
surface area 
(pg/cm2)
500s(l) -3.7 3.4 25.2 -0.15
2/300s(l) -12.6 6.0 77.6 -0.16
Table 8.4: Mass change (relative to 82) for composite kilogram in vacuum (transfer
standard set 1, repeat measurement)
The results show good agreement, in terms of change per unit surface area for the two 
weights. These results also agree well with those for the 2/300s(l) stack from the initial 
test of transfer standard set 1. The results for the 500s(l) stack are different for the two 
tests. No explanation can be given for this since the tests performed were nominally the 
same and the weight stack used was identical for both sets of measurements, the second 
series of measurements being a straight repeat of the first. The only difference between 
the two series was the fact that the weights had already been exposed to a series of 
vacuum measurements (plus 1 years storage in filtered air) at the start of the second 
series. This previous exposure did not affect the results for the 2/300s stack.
8.4.3 Transfer standards set 2
A second set of transfer standards consisting of two further composite kilogram stacks 
(500s(2) and 2/300s(2)) and the same integral cylindrical kilogram (82) were used for a 
repeat of the evaluation of the effect of air/vacuum transfer. Analysis of the data from 
transfer set 1 showed that no medium-term (2 to 10 days) changes could be observed 
during the weighings in air and vacuum so the period of each set of air or vacuum 
measurements was reduced to a minimum of 3 days. A minimum of 5 comparison runs 
was performed over this period. The measurements on transfer standard set 2
165
commenced 7 days after the completion of the measurements on set 1. Figures 8.6a to 
8.6c show the stability of the three transfer standards measured against the in air and in 
vacuum reference standards.
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Figure 8.6a: Stability of 82 (integral cylinder) in air and vacuum
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Figure 8.6b: Stability of 500s(2) (two piece composite) in air and vacuum
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Figure 8.6c: Stability of 2/300s(2) (four piece composite) in air and vacuum
All three graphsshow that the weights were reasonably stable over the period of the test, 
with the repeatability of the in air and in vacuum measurements being broadly 
equivalent. The 2/300s(2) weight shows a slight increase in its mass weighed in air over 
the period of the test. All other measurements appear stable with time. The results again 
show a large increase in mass between the first and second in air measurements. These 
are summarised in Table 8.5.
Transfer Mass gain Surface area Gain/unit SA Mass gain
Standard (Air 2-Air 1) (Vac 2-Vac 1)
(fig) (cm2) (pg/cm2) (fig)
82 8.9 71.5 0.12 6.5
500s(2) 17.5 96.7 0.18 10.8
2/300s(2) 23.8 149.2 0.16 15.1
Table 8.5: Mass gain between first and second in air weighings (transfer standard
set 2)
Results show similar mass gains per unit surface areas and also agree well with the 
results for transfer standard set 1 (Tables 8.1 and 8.3). Mass changes between the first 
and second vacuum weighing are about two thirds of the change between the in air 
measurements for each weight. This suggests most of the permanent gain occurs on the
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exposure to air after the first vacuum weighing with the remainder occurring early in the 
initial vacuum exposure. An interesting phenomenon is that the cylindrical mass 
standard 82 appears to gain a similar amount (in terms of mass per unit surface area) as 
the other two. This should not be the case as it has been exposed to vacuum previously. 
Indeed the test with the transfer standard set 1, which included kilogram 82, was 
completed only 7 days before the start of this test and showed good repeatability for 82 
in air and in vacuum.
Figures 8.6d and 8.6e show the values of the stack weights against the cylindrical weight 
in air and in vacuum. Again this data can be used to calculate the effect of vacuum 
exposure on the two composite kilograms.
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Figure 8.6d: Value of 500s(2) relative to 82 in air and vacuum
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Figure 8.6e: Value of 2/300s(2) relative to 82 in air and vacuum
The graphs show that stack 2/300s(2) again exhibits a relative increase in mass with 
time when weighed in air. The 500s(2) stack has a lower mass in vacuum than in air, 
this effect being less obvious for the 2/300s(2) stack. Table 8.6 summarises this data and 
calculates the mass change per unit surface area for both stacks relative to the integral 
cylinder.
Stack
Mass change 
(vacuum -  air) 
Relative to 82 
(Tg)
Standard deviation 
of measured mass 
change 
(M'g)
Surface area 
difference 
from cylinder 
(82) 
(cm2)
Mass change 
per unit 
surface area 
(pg/cm2)
500s(2) -6.1 3.3 25.2 -0.24
2/300s(2) -6.3 6.9 77.6 -0.08
Table 8.6: Mass change (relative to 82) for composite kilogram in vacuum (transfer
standard set 2)
The results show less good agreement than the previous set (repeat measurements on 
transfer standard set 1). The trend is similar to that seen with the initial measurements 
on set 1 (ie. the absolute change for both stacks is similar but the change per unit surface 
area is different). It should, however, be noted that the standard deviation of the
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measured mass changes for the 2/300s(2) weight is very high (a standard deviation of 
6.9 micrograms on a change o f-6.3 micrograms). The mass change per unit surface area 
calculated for the 500s(2) stack is in reasonable agreement with previous data.
8.4.4 Transfer standards set 3
A third set of transfer standards consisting two further stacks (500s(3) and 2/300s(3)) 
and the existing integral cylinder (82) was tested in a similar way to the previous 
transfer standards. 10 calibrations in vacuum were made, each consisting of five 
measurement runs. The measurements commenced 8 days after the completion of the 
tests on transfer standard set 2. The data for the stability of the three transfer standards 
against the in air and in vacuum reference standard weights is presented in figures 8.7a 
to 8.7c.
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Figure 8.7a: Stability of 82 (integral cylinder) in air and vacuum
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Figure 8.7b: Stability of 500s(3) (two piece composite) in air and vacuum
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Figure 8.7c: Stability of 2/300s(3) (four piece composite) in air and vacuum
Both the integral kilogram and the 500s(3) stack exhibit good stability after an initial 
mass gain similar to that seen in the previous tests. The 2/300s(3) stack shows a much 
wider spread of results but in general the in air and in vacuum values follow a similar 
trend. The initial mass gain of this stack appears less than for the other two weights but 
a subsequent upward trend in the mass values can be seen for the in vacuum values. The 
initial mass gain of the standards is summarised in table 8.7.
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Transfer
Standard
Mass gain 
(Air 2-Air 1)
G*g)
Surface area 
(cm2)
Gain/unit SA 
(pg/cm2)
Mass gain 
(Vac 2-Vac 1)
G*g)
82 8.2 71.5 0.11 3.0
500s(3) 19.2 96.7 0.20 17.7
2/300s(3) 8.0 149.2 0.05 -9.2
Table 8.7: Mass gain between first and second in air weighings (transfer standard
set 3)
The Table shows broadly similar gains for the weights as those seen before. The 
2/300s(3) weight shows a smaller gain but, as stated, the stack shows a subsequent gain 
through the period of the test. For the 500s(3) stack weight, the mass gain between the 
first and second vacuum weighings is roughly equal to that between the first and second 
in air weighings. This indicates that the gain occurs the first time the weights are 
returned to air. The integral cylinder and 2/300s(3) weights show dissimilar behaviour 
with the 2/300s(3) weight losing mass between the first and second in vacuum 
weighings. The changes for this weight are broadly in line with the repeatability seen for 
the other weighings during this test. It is significant that the integral kilogram again 
shows a large mass gain between the first two in air weighings (ie. a mass gain due to 
the first in vacuum weighing). This occurs despite the fact that the weight had been used 
as part of the measurements on transfer standard set two only seven days earlier and had 
shown good repeatability between air and vacuum at the end of the test. The longer-term 
stability of kilogram 82 during the period of these tests will be examined later.
Figures 8.7d and 8.7e show the differences between the 500s(3) and 2/300s(3) stacks 
and the integral cylinder in air and in vacuum, again being used to assess the absolute 
change of the weight stacks on transfer between air and vacuum.
172
135135
- 125125
115115<N
O o
105 105♦ in air
♦ In vac
100 120
Time (days)
Figure 8.7d: Value of 500s(3) relative to 82 in air and vacuum
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Figure 8.7e: Value of 2/300s(3) relative to 82 in air and vacuum
The graphs show reasonable repeatability with, as before, the in vacuum comparisons 
giving systematically lower values than those in air. Table 8.8 summarises the data from 
these measurements.
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Stack
Mass change 
(vacuum -  air) 
Relative to 82 
(l*g)
Standard deviation 
of measured mass 
change 
(l*g)
Surface area 
difference 
from cylinder 
(82) 
(cm2)
Mass change 
per unit 
surface area 
(pg/cm2)
500s(3) -4.4 2.5 25.2 -0.17
2/300s(3) -13.7 5.4 77.6 -0.18
Table 8.8: Mass change (relative to 82) for composite kilogram in vacuum (transfer
standard set 3)
The two stacks show similar behaviour in terms of mass loss per unit surface area. The 
figures are also in reasonable agreement with those previously measured.
8.4.5 Summary of transfer standard data
Table 8.9 summarises the data for the transfer of weights between air and vacuum for all 
sets of experimental data.
Run Weights
used
Mass change per 
unit surface area 
(pg/cm2)
Mass gain after initial 
vacuum weighing 
(pg/cm2)
1 82 0.06
500s(l) -0.38 -0.13
2/300s(l) -0.15 -0.04
1 (repeat) 82 0.17
500s(l) -0.15 0.12
2/300s(l) -0.16 0.15
2 82 0.12
500s(2) -0.24 0.18
2/300s(2) -0.08 0.16
3 82 0.11
500s(3) -0.17 0.20
2/300s(3) -0.18 0.05
Av. -0.19
Sd 0.09
Table 8.9: Summary of transfer standard data
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The data for the step changes between air and vacuum, calculated for the 500s and
2/300s stacks relative to the integral kilogram, show good agreement. Indeed if the three
2 •
obviously outlying figures are disregarded the average becomes -0.16 pg/cm with a
2
standard deviation of 0.01 pg/cm .
The data for the mass change after the first exposure to vacuum also shows a reasonably 
repeatable performance (excepting the data for the first run).
8.5 Longer-term stability of kilogram 82 (1 year)
During the period of the in air and in vacuum transfer tests described, the integral 
cylindrical kilogram (82) was used as part of all three transfer standard sets. It was noted 
that, despite its almost continuous transfer between air and vacuum, the weight showed 
a systematic gain in mass at the start of each set of tests. Figure 8.8 shows the value of 
kilogram 82 during the last three series of transfer measurements.
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Figure 8.8: Stability of integral kilogram (82) throughout transfer tests
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The graph shows the value of the transfer standard 82 against the in air and in vacuum 
standards (A and 81 respectively) for the duration of the last three transfer standard 
tests. At the beginning of each series of tests on the three sets of transfer standards, 
kilogram 82 shows a large systematic change in its value in air, which occurred during 
the first exposure to vacuum (shown as the points joined by the blue lines in the plot). 
The first and second vacuum weighings show similar but slightly smaller rises, 
indicating that the majority of this mass gain occurs on the first re-exposure to air. If the 
first and second vacuum weighings had agreed, it could be assumed that the change 
occurred on the first exposure to vacuum and not after it as seems to be the case.
The graph further shows the relative behaviour of the two reference standards using 82 
as a transfer standard to compare their values. In the initial stages the values in air and 
vacuum for 82 can be seen to follow a similar pattern. As the measurements progress the 
value for 82 in vacuum can be seen to fall below the value in air. This could represent a 
relative increase in the value of the in vacuum standard 81 (resulting in an apparent 
mass loss in 82) but is more likely to be caused by 82 loosing (and gaining) more mass 
as in transfer into (and out of) vacuum due to the increased contamination overlayer on 
the weight.
8.6 Long term stability of 81 and 82 (4 years)
Figure 8.9 showsthe stability of kilograms 81 and 82 over a period of approximately 
55 months. All the values for 82 represent in air weighings compared with other NPL 
platinum-iridium standards. Kilogram 81 was put into vacuum for the first time about 
6 months after the start of this data and has been held in vacuum since. Values for 81 
have been calculated on an “in air” basis, using kilogram 82 as a traceable transfer 
standard. The values for 81 therefore have no direct traceability to the weights used in 
air but rely on the value of 82 in air (thought to be well known) and the repeatability of 
its change in value on transfer between air and vacuum.
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Figure 8.9: Long term stability of 81 and 82
The graph shows that kilogram 82, the transfer standard, shows a relatively rapid initial 
increase in mass as it is transferred between air and vacuum. The rate of increase in 
mass slows down after about 10 months and is subsequently approximately equal to that 
of the in air standard (kilogram A), being approximately 2 micrograms per year.
The plot for kilogram 81, the in vacuum sample, shows values taken in vacuum against 
the transfer standard (kilogram 82) and initial (one) and final (four) values in air. The 
initial trend over the first 38 months shows a mass gain broadly equivalent to that of the 
in air standard (and that of the transfer standard after the initial rapid increase). After 
this period the rate of mass gain can be seen to rise slightly, even given the spread of the 
data between 38 and 46 months. The initial two in air measurements taken when the 
weight was first removed from vacuum (at approximately 52 months) confirm this more 
rapid mass increase. Examination of the weight on removal from vacuum revealed local 
contamination on its base, thought to have resulted from the contact between the weight 
and the balance pan. Removal of this additional contamination resulted in the final two 
in air results (approximately 54 months) showing a mass again in line with the initial
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trend and broadly equivalent to that of the in air weight (ie. about 2 micrograms per 
year).
8.7 Chapter conclusions
Overall conclusions can be drawn from the weighing in vacuum and weighing in air 
data. It should at this point be noted that the changes being measured are veiy small (due 
to the relatively small differences in surface areas of the artefacts) and so uncertainties 
on the changes seen can be as much as half the actual change. Practical problems, 
particularly with the manipulation and alignment of the weight stacks have partly lead to 
the repeatability of the measurements being worse than could be expected under ideal 
conditions, particularly given the excellent performance of the balances both in air and 
vacuum.
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CHAPTER 9: Surface analysis using X-ray Photo-electron Spectroscopy
9.1 Chapter summary
This chapter describes the surface studies performed on samples of stainless steel and 
platinum-iridium using X-ray photoelectron spectroscopy (XPS). Background to the 
technique of XPS is given together with a description of the methods used for the peak 
fitting of the data. The three main methods used to calculate contamination depth from 
the XPS data are described in detail as are the methods used for calculating the 
necessary sensitivity factors and attenuation lengths.
9.2 Background
The accretion of contamination onto the surfaces of mass standards can be divided into 
two components, physisorbed and chemisorbed molecules. Gravimetric measurements 
in air and in vacuum have been used to assess the mass of weak physically adsorbed 
contaminants on stainless steel and platinum-iridium artefacts (detailed in Chapters 5 to 
8). Long term monitoring of the mass of artefacts in air and in vacuum gives some idea 
of the rate of accretion of both the physisorbed and chemisorbed contaminants on the 
surfaces of the weights but gives no idea of the type of contaminant. By using XPS to 
analyse these surfaces, details of the nature of the strongly physisorbed and 
chemisorbed contaminants, and their change with time, can be monitored.
9.3 Introduction
9.3.1 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) is a specific form of electron spectroscopy in 
which X-ray photons are used to liberate electrons from the specimen under 
examination. Analysis of the energy levels of these photoelectrons gives information on 
the elements present and their bonding state. The technique is non-destructive and 
extremely surface sensitive. The analysis depth is limited to a few nanometres and 
depends on the sample orientation, the type of x-ray source used and the 
substrate/overlayers under investigation.
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XPS uses an x-ray beam of low energy photons (typically 20 to 2000 electron-volts 
(eV)) to irradiate the sample under ultra high vacuum (UHV) conditions (typically 
about 10"9 mbar). These photons are absorbed by the atoms of the sample under 
investigation and cause ionisation and the emission of a core (inner shell) electron. The 
kinetic energy of these emitted photoelectrons can be measured using an electron energy 
analyser.
The kinetic energies of the photoelectrons emitted (isK) depend on the energy of photons 
produced by the X-ray source (hv), and the binding energy of the electron within the 
source atom (Eb). The binding energy uniquely identifies the elements present and also 
gives information about their oxidisation states. The following equation is used to 
calculate the binding energies of the emitted photoelectrons:
EB = h v -E K- W . ........................................................ (9.1)
Where :£b is the calculated binding energy of the emitted photoelectron 
Ek is the measured kinetic energy of the emitted photoelectron 
hv is the photon energy of the X-ray source (h being Planck’s constant and v the 
frequency of the radiation)
W is the spectrometer work function and a property of the specific instrument 
used.
The most commonly employed X-ray sources give rise to MgKa (magnesium) radiation 
and AlKa (aluminium) radiation with photon energies of 1253.6 and 1486.6 eV 
respectively. Binding energies can be measured over the range 0 eV up to the energy of 
the x-ray photon source. The measured photoelectron intensity can then be plotted 
against the binding energy. Peaks in such a plot indicate the presence of elements 
characterised by the binding energy at which the peak occurs.
Figure 9.1 shows a typical wide scan obtained from an XPS measurement over the 
range 0 to 1000 eV. The plot shows the number of counts detected (intensity) plotted 
against the binding energies.
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Figure 9.1 Typical wide (survey) scan from XPS m easurem ent
Examining the peaks from such a scan identifies the elements present in the sample. The 
scan shown is for a platinum-iridium surface and from the plot peaks can be identified 
for iridium (61 eV), platinum (71 eY) carbon (285 eV) and oxygen (532 eV). The 
carbon and oxygen give Is peaks and the platinum and iridium are 4f peaks. Both 
metallic elements show double peaks from the 4f7/2 and 4f5/2 states.
Having identified the elements present by analysis of the peaks in the survey scan, or 
from prior knowledge of the peaks expected, the areas of interest can be studied in more 
detail. This involves gathering more data in the region of the peaks identified. For 
efficiency, the survey scan is performed using relatively large step sizes (1 eV in this 
case) so the resolution is limited. This is acceptable for identifying the elements present 
but not for more detailed analysis of the peaks. For the example given in Figure 9.1 the 
four peaks (iridium, platinum, carbon and oxygen) would be examined in more detail 
over an area of typically about 10 eV each side of the peak of interest using smaller step 
sizes for the scan.
Figure 9.2 shows a typical carbon peak plotted from data gathered over the range 275 to 
300 eV using a step size of 0.1 eV.
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Figure 9.2 Narrow scan of carbon (Cls) peak
9.3.2 Peak fitting
Examining the peaks in more detail often shows up features not visible in the survey 
scan. In particular the carbon and oxygen peaks are often made up of two or more peaks 
superimposed on top of each other. A secondary peak can be seen on the C ls trace 
shown (at about 288.5 eV) but the overall peak can be made up from up to five 
individual peaks with different oxidation states (carbides, hydrocarbons, C-OH, C=0 
and COOH groups). These individual peaks are all related to the C ls energy level but 
have binding energies separated from each other by 1 -  2 eV and together form the 
overall carbon peak envelope.
The peak shown in Figure 9.2 has been further analysed by peak fitting four oxide states 
of carbon. Figure 9.3 shows the same carbon peak fitted with four components (C-H, 
C-OH, C=0 and COOH). The data shown is intended to give a generic introduction to 
the peak fitting of XPS data. Details of how the individual peaks have been analysed as 
part of this work will be given later in the chapter.
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Figure 9.3 Individual peak fitting to carbon (Cls) peak
The peak envelope shows the four individual carbon peaks that combine to form the 
peak shown in Figure 9.2. The hydrocarbon (H-C) peak can be seen to dominate 
forming 60% of the peak envelope. The hydroxyl (C-OH) and carbonyl (C=0) peaks 
contribute significantly to the overall peak, whereas the carboxyl (COOH) peak is 
minimal.
9.3.3 Angle resolved XPS
The technique used for the majority of the surface analysis, performed as part of this 
work, is angle resolved XPS. This specific form of XPS involves taking measurements 
at two or more take off angles relative to the plane of the surface being studied. The 
surface sensitivity of the measurements varies with the angle at which the data is 
gathered. For the peaks of interest, analysis of the variation of the peak intensity with 
take off angle allows calculation of both the amount of the substance and its mean depth 
below the surface of the sample. For the majority of the measurements made take off 
angles of 0° (normal to the surface of the sample) and 75° have been used.
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9.3 Equipment
9.3.1 XPS Instrumentation
The instrument used for the XPS measurements was a VG Scientific Ltd ESCAlab 
analyser. The X-ray source produces an elliptical spot of size ' 8 mm x 6 mm and 
aluminium (AlKa) radiation was used to give a slightly greater analysis depth. The 
vacuum within the instrument was in the range 2 to 7 x 10'8 mbar for all measurements 
taken. The VG Scientific ESCAlab generic software was used for quantification and 
peak fitting of the data.
9.3.2 Surface samples
The physical sizes of the stainless steel and platinum-iridium weights involved in this 
work made direct XPS measurements on the weights themselves impossible so surface 
samples, manufactured to the same specifications as the weights, were used.
Five stainless steel surface samples were provided by Hafner, the manufacturer of the 
stainless steel weights used for the gravimetric part of the work. These surface samples 
consisted of discs of nominal dimensions 10 mm diameter and 1 mm thickness 
manufactured from the same material and to the same surface finish (Rz » 50 nm) as the 
weights used for the work.
Similarly, samples of the platinum-iridium material were manufactured by the BIPM 
using off cuts from the material used for the manufacture of the platinum-iridium 
weights. Two thin discs (thickness approximately 0.7 -  0.8 mm) of diameter 
approximately 40 mm were diamond turned on one face to provide a surface finish 
equivalent to that of the platinum-iridium weights (Rz ~ 5 nm). From these discs, 
surface samples of diameter 10 mm were cut. Figure 9.4 shows the platinum-iridium 
surface samples used for this work mounted in brass holders for easy manipulation in 
the XPS apparatus.
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Figure 9.4 Set of platinum-iridium surface samples for XPS examination
In order to give a true representation of the surfaces of the weights under investigation 
the surface samples continuously accompanied the weights whose surface they were 
modelling. This included storage in air and in vacuum and transfer between the two.
The XPS measurements for this part of the work were carried out using the facilities in 
the Surface Analysis Laboratory at the University of Surrey. This involved transferring 
the surface samples between the facilities for weighing in air and vacuum at NPL and 
the facilities at the University of Surrey, a distance of about 25 miles. To minimise the 
effect of this transportation, the discs were mounted in a sealed enclosure, which was 
exposed to the air via two micropore filters (pore size 0.2 pm). Figure 9.5 shows the 
sealed enclosure used for the transport of the discs.
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Figure 9.5 Surface samples in sealed transportation enclosure
9.4 Experimental method
9.4.1 Stainless steel samples
Each of the stainless steel samples was exposed to differing conditions to reflect the 
typical exposure of the weights during the measurement procedure. The samples were 
exposed as follows:
Sample 1: Immersed in water (2 days) and then stored in air 
Sample 2: Stored in air
Sample 3: Moved between air and vacuum weekly 
Sample 4: Stored in vacuum
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Sample 1 was initially exposed to water to simulate the action of hydrostatic weighing, 
used to determine the density of new mass standards The samples were measured as 
received and following 1 months exposure to the conditions described.
9.4.2 Platinum-iridium samples
Initial XPS measurements on platinum-iridium surface samples were performed using a 
similar protocol to that used for the stainless steel weights. Five samples were measured 
as received from the BIPM and then exposed to the following conditions:
Sample 1: Water (2 days) then stored in air 
Sample 2: Stored in air
Sample 3: Moved between air and vacuum weekly 
Sample 4: Stored in vacuum 
Sample 5: Stored in filtered air
After approximately 1 month’s exposure a second set of XPS measurements was 
performed on the samples.
Three further platinum-iridium samples were used to model the longer-term behaviour 
of weights in stored and weighed in air and in vacuum and of weights transferred 
between the two. The samples were kept with the weights used for the gravimetric 
assessment of these effects and their surfaces were analysed on a regular basis using 
XPS.
9.5 Data analysis
XPS data was, in the main, collected at two take off angles (0° and 75° relative to the 
normal to the surface of the sample). This allowed the use of angle resolved XPS, by 
ratioing the results for the two angles, to calculate the depth and amount of the 
overlayers on the substrate. ARXPS calculations were performed using the stratification 
technique using an algorithm developed by Peter Cumpson at NPL [119]. Additionally 
the basic substrate/overlayer rationing and thickogram methods of film thickness 
calculation were used on the data acquired at the 0° take off angle to estimate the
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thickness of the contaminant overlayer. The three analysis methods are described in 
more detail in section 9.5.4.
9.5.1 Calculation of constants
9.5.1.1 Sensitivity Factors
The sensitivity factor is a measure of the XPS instrument’s sensitivity to the various 
elements under investigation. It will depend on the intrinsic properties of the instrument, 
the cross-section of the specific photons produced, and the inelastic mean free path of 
the electrons. Since the sensitivity factors are used only to scale the intensities of the 
recorded peaks, the instrument constants can be ignored if the same device is used for 
all measurements. The following sensitivity factors, calculated from experimental 
results by Wagner et al [116] have been used for the XPS results reported here.
Peak Sensitivity
Factor
Fe 2p 2.0
Cr 2p 1.5
Ni 2p 3.0
0  Is 0.66
C ls 0.25
Pt 4f 4.4
Ir 4f 3.95
Table 9.1 Sensitivity factors for peaks under investigation 
9.5.1.2 Inelastic Mean Free Path
The inelastic mean free path (IMFP) of the electrons of the elements being investigated 
is a measure of the mean distance the electrons travel before undergoing an inelastic 
event (i.e. a collision resulting in an energy loss). IMFPs increase with the kinetic 
energy of the electrons but decrease with the atomic number of the matrix through 
which it is moving. The relatively low energy^involved with XPS measurements mean
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that the IMFPs are comparatively short making the measurement technique surface 
sensitive.
There are a number of methods for estimating IMFPs, the method proposed by 
Cumpson [117] has been used for this analysis. The method develops a quantitative 
structure-property relationship (QSPR) for the estimation of IMFPs in polymers and 
other organic material. Assuming a reasonable depth of organic contamination on the 
surface of the samples, IMFPs can be calculated for the elements of interests using the 
power-law dependence first proposed by Wagner:
A ; = A  ilkeV(.E lkeV ) 0 J 9 .................................................. (9.2)
Where 2/ is the IMFP of the element in question, XiIkeV is the IMFP, at 1 keV, of the 
contaminant overlayer and E  is the kinetic energy of the emitted photoelectron (equal to 
the photon energy of the x-ray source minus the binding energy of the electron). The 
exponent of 0.79 is the average obtained from fits by Tanuma et al. [118] who obtained 
values between 0.781 and 0.795 for 14 organic compounds studied.
Given that aluminium (AlKa) radiation (photon energy 1486.6 eV) has been used for all 
the XPS experimental work in this thesis the IMPFs for the elements of interest can be 
calculated from equation 9.1. These values are given in Table 9.2.
Peak Binding energy 
(keV)
Kinetic energy 
(keV)
IMFP
(nm)
Fe 2p 710 776.6 2.46
Cr 2p 577 909.6 2.78
Ni 2p 853 633.6 2.09
0  Is 532 954.6 2.89
C Is 285 1201.6 3.47
Pt 4f 71.5 1415.1 3.95
Ir 4f 61.5 1425.1 3.97
Table 9.2 Inelastic mean free path for elements under investigation
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9.5.2 Positions of Elemental Peaks
Fitting the metal and carbon and oxide elemental peaks at two angles (0° and 75°) 
allowed ratioing of the peak intensities to give relative amounts and depths of the 
elements present. Plotting the position of the peaks with time however, showed a 
systematic change in the peak positions between the measurement runs. Figures 9.6 to
9.8 show the positions of the platinum, iridium, carbon and oxygen peaks during the 
series of XPS measurement on the platinum-iridium samples, taken over a period of 
36 months.
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Figure 9.6 Position of platinum and iridium peaks with time
190
290
288
I § 286
too
Q_J*ro
Q)
Q_
284
282
280
Carbon envelope - peak position
H------- h H------- h
0 10 20 30 40 50 60 70 80 90
Measurement number
Figure 9.7 Position of carbon peak with time
535
533
>
§  531
♦♦♦♦ * ♦ ♦ ♦ ♦ ♦  ♦  ♦♦ ♦ ♦ ♦ ♦  ♦ / ♦ ♦ ♦ ♦  ♦ 4 . *
A ♦ 4 4  ♦ ♦ ♦ ♦♦* 4 ♦♦ 4  4*4 4
A 4 ♦ > > 4
COo
Q.
CO(D
CL
529
527
525
Oxygen envelope - peak position
 ! ( , ! ( 1 , . !
0 10 20 30 40 50 60 70 80 90
Measurement number
Figure 9.8 Position of oxygen peak with time
It can be seen that all four peaks move systematically as the measurements proceed. A 
movement in the peak position could be expected for the carbon and oxygen peak 
envelopes, since the composition of these peaks is made up of three or more 
components (see 9.3.2). A change in the ratios of these components would lead to a 
shift in the position of the overall peak. It would be expected, however, that the 
platinum and iridium peaks should remain at the same (electron voltage) value. It can be
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seen that this is not the case with the platinum peak in particular (being the stronger) 
showing marked shifts between measurements. This shift in the absolute position of the 
peaks is a function of the temporal repeatability of the instrument on which the 
measurements were made. The shift in the positions of the peaks is not important when 
calculating the peak intensities for the platinum, iridium, and overall (composite) carbon 
and oxygen peaks, but is important when fitting individual peaks to the carbon and 
oxygen peak envelopes.
9.5.3 Fitting of individual carbon and oxygen peaks
9.5.3.1 Peak shapes
The fitting of individual peaks to the carbon and oxygen general peaks involves the 
assignment of values to a number of variables. Initially the background signal must be 
removed from the peak spectrum. The simplest method is to use a horizontal baseline 
but this often gives a poor approximation to the true background of the spectrum. For 
the analysis described here, a Shirley background [124] has been used.
The number of individual peaks within the overall peak envelopes can be anything up to 
five for carbon and four for oxygen, but in many cases not all peaks will be present in 
significant quantities. The positions of the individual peaks can be fixed or left to vary 
in order to give a best fit to the overall peak. The best fit is quantified by a chi-squared 
analysis of the theoretical and measured composite peaks. Similarly, values for the full- 
width-at-half-maximum (FWHM) and Gausian or Lorentzian functions, used to 
describe the shapes of the individual curve, can be fixed or left to vary for each curve. 
For this work a Gausian/Lorentzian product function has been used mixing the profiles 
in the ratio 30% to 70% (G/L 30%). Examining the effect of varying the FWHM values 
of the experimental data showed that fixed values of 1.75 for the carbon peaks and 2.0 
for the oxygen peaks gave reasonable results.
9.5.3.2 Peak positions
As discussed in 9.5.2 the positions of the elemental peaks was seen to vary with each 
series of measurements. This potentially caused a problem when peak fitting the carbon
192
and oxygen peaks since initial estimates for the positions of the individual peaks needed 
to be made. Examination of the initial data from the carbon peaks showed the peak 
envelope to be well fitted by three components corresponding to hydrocarbon (C-H), 
hydroxyl (C-OH) and carbonyl (C=0) peaks. Of these the hydrocarbon peak was seen 
to be dominant. Adding addition carbide (PtC/IrC) and carboxyl (COOH) did not 
significantly improve the fit and showed these peaks to be very small (less than 1%) in 
comparison with the others. Relative to the hydrocarbon peak, the average peak 
spacings of the two remaining peaks were +1.6 eV for the C-OH peak and +3.2 eV for 
the C=0 peak. Checks for the other two potential carbon peaks (PtC and COOH) were 
made for each series of measurements but neither were found to be present in significant 
quantities.
Given that the position of the platinum Pt4f (and iridium Ir4f) peak should remain 
constant only relative shifts between the positions of the carbon and oxygen peaks 
(indicating a change in the composition of the peak envelope) and the platinum peak 
should be considered significant. Thus a position for the hydrocarbon peak relative to 
the platinum (substrate) peak of +213.7 eV was used with the C-OH and C=0 peaks 
occurring at +215.3 eV and +216.9 eV of the platinum peak. These peak positions, 
together with the fixed G/L and FWHM values, were used as inputs to the peak fitting 
software (VG ESCAlab XPS peak fitting software) to give relative heights for the H-C, 
C-OH and C=0 peaks within the carbon peak envelope. Similarly the positions of the 
four peaks fitted within the Ols peak envelope (Pt0/Pt02, Pt(0H)4, C-0/C=0 and H2O) 
were at fixed binding energy increments and also fixed relative to the position of the 
platinum 4f peak.
9.5.4 Substrate/overlayer thickness calculations
9.5.4.1 Stratification method of depth profiling
The stratification method, developed by Cumpson [119] is a means of processing angle 
resolved XPS data, gathered at two angles, to calculate the average depth below the 
sample surface and relative quantity of material in each. Data is taken at a (bulk) take 
off angle normal to the surface of the sample (0°) and at a relatively high (surface) take 
off angle, for the majority of this work an angle of 75° was chosen. The ratio of the
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peak intensities (Ri) at the two take off angles is calculated for each species taking into 
account the relative background intensities (B) from the respective scans. The 
background intensities have been estimated by taking an intensity value at a point 20 eV 
below each peak.
„ I  AO) B(0)
Rf = — x   (9.3)
' /,(0 )  B (0 ) ................................................. ( }
The ratio of peak intensities can then be used to calculate the average depth of each 
layer (Zi) from the following equation:
^  _  In (l/(cos# x Rt )
Z ‘ -  ( l / c o s 0 ) - l .............................   (94)
Where Z, is expressed in terms of the attenuation length of the species (A) as described 
in 9.5.1.2. The depth in nanometres (Zi’) can calculated from the following equation:
Zj = Z t x A ......................................................................... (9.5)
The relative quantities of the species in each layer (Ai) can then be calculated from the 
peak intensity at the normal (0°) take off angle and the average depth (Zi) and sensitivity 
factor (Si) of each species.
exp (Zt )
A  = h  „    (9.6)
The extent of each layer can then be calculated from the average depth of all layers 
multiplied by the calculated amount of each species expressed as a fraction of the total 
amount for all species.
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1 n A-
Extent = -  I  Z. x — — 
n z, =1 Z  Zz-
(9 .7 )
Using the calculated extent for each layer the upper and lower positions of the layer can 
be calculated effectively giving the layer depth and thickness.
Range = Z t ± E xten t.....................................................................(9.8)
The calculation of the range and mean layer depth for each species can be used to 
display the layer stratification graphically. Figure 9.9 shows a typical input table and 
graphical representation for the stratification analysis examining both platinum and 
iridium substrates with carbon and oxygen overlayers.
M easured Intensities
Species: Pt lr c 0 Backgnd
0 19.18 2.29 6.45 5.32 9
75 0.91 0.10 2.79 2.33 6
R i 0.07 0.07 0.65 0.66
Zi 1.39 1.42 0.62 0.62
x  = 3.95 3.97 3.5 2.89
Zi 5.51 5.65 2.18 1.79 0
Si 4.4 3.95 0.25 0.66
Amount 17.59 2.41 48.11 14.96 83.14469354
21% 3% 58% 18%
Aver. Zi 3.0263029
"Extent" 0.64 0.09 1.75 0.54
"Top" 6.15 5.74 3.93 2.33
"Bottom " 4.87 5.56 0.43 1.24
The relative size of each bar is fixed by the experimental ▲
data and is proportional to the ammount of each species.
You can adjust their overall size using this control. ▼
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Figure 9.9 Stratification analysis output
9.5.4.2 Film thickness calculation by substrate/overlayer ratioing
A very popular method for film thickness calculation uses the algorithm given below. 
The use of this analysis method has been documented by Hill et al [120], Mitchell et al
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[121] and Hochella and Carim [122] among others. This method calculates the film 
thickness by ratioing the substrate and overlayer peak intensities taken at the normal 
(0°) take off angle. The film thickness t is calculated from the following equation:
r
t = -  A cos 0  In 1 + (9.9)
V
Where 0 is the take off angle for the XPS measurements. The substrate and overlayer 
peak intensities Is and I0 are divided by their respective sensitivity factors (ss and s0) as
unknown instrumental factors due to the ratioing technique. A drawback of this 
technique is that the figure used for the inelastic mean free path (A) applies to the 
attenuation of both the substrate and overlayer photoelectrons and thus assumes that 
both photoelectrons have similar kinetic energies.
This analysis method, known as the basic ratioing or basic method, was used to 
calculate film thicknesses for both the oxide and carbonaceous overlayers and compared 
with the results obtained from the stratification analysis of the XPS data.
9.5.4.3 Thickogram method for film thickness determination
A third method used for the analysis of the XPS data was the Thickogram developed by 
Cumpson [123]. Like the method developed by Hill et al the Thickogram ratios the 
substrate and overlayer peak intensities, but also allows for the relative kinetic energies 
of the respective photoelectrons.
Given an exponential attenuation of photoelectrons by an overlayer film the intensities 
of the substrate and overlayer (Is and /0), allowing for their relative sensitivity factors (ss 
and s0) are given by:
given in 9.5.1.1. The method has the advantages of simplicity and the cancelling of
I s / s s = exp(- As cos 6 ) (9.10)
and
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h I s0 = 1 -  exp(- */ K cos 0) (9.11)
with As and A0 respectively being the attenuation lengths of the substrate and overlayer 
photoelectrons within the overlayer. Combining these equations gives:
f
In I o / s o
Is / AQ cos 6
-  In 2 = lnsinh
2A0 cos 0
.(9.12)
Since the attenuation lengths refer to the attenuation of the photoelectrons within the 
overlayer, the ratios of the substrate and overlayer photoelectron attenuation lengths (As 
and A0) can be replaced by a ratio of their kinetic energies (Es and E0) using:
A.o _
A,
r  \0.75 
KEs J
(9.13)
Thus modifying equation 9.12 to give
In I q / SQ
Is /* S  J
r  \0.75 
\ E s J A0 cos 0
- I n  2 = lnsinh
\2 A 0 cos#
.(9.14)
Using this relationship a nomogram is derived from which film thicknesses can be 
calculated from inputs of the peak intensity ratios and kinetic energy ratios of the 
substrate and overlayer. Figure 9.10 shows the nomogram used for film thickness 
calculation.
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Figure 9.10 Thickogram for film thickness measurement
A line connecting the peak intensity ratio line on the left axis and the position within the 
curved logarithmic grid corresponding to the same intensity ratio at the appropriate 
kinetic energy ratio (E (/E s) will intersect the thickness curve at the calculated thickness 
for the data (t/A oc o s0 ) . Note the dotted line for values of thickness ( t / j loc o s 0 )  above 3, 
this indicates that calculated overlayer thickness of more than three times the 
attenuation length of the specific photo-electro should be treated with caution.
Given the quantity of data to be processed and the potential introduction of errors from 
manually reading the Thickogram a computer programme in Visual Basic was written 
to process the data and give values for film thickness (t) from input data for peak 
intensities (I) attenuation lengths (A) sensitivity factors (5) and take off angle (0 ) by 
iteratively solving equation 9.12 (a listing of the programme is given in Appendix 2). 
Figure 9.11 shows the front end of the programme with inputs for the variables 
described above.
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I, Thickogram  Calculator
\lo\ 5.G6 l(s) 39.66
3 5 0
S(o) 0.25 S(s) 4.4
IMFP(o) 3 47 TOA
IMFP(s) 3 95 Resolution 3
Calculate Thickness 4.784
Exit
Figure 9.11 Front end of visual basic programme for implementation of 
Thickogram overlayer thickness calculation
9.6 Chapter conclusions
A general background to the technique of XPS has been given. The problems with 
fitting of individual peaks to the data have been discussed and methods proposed for 
overcoming the apparent drift in the peak positions. Techniques for the analysis of 
individual carbon and oxygen peaks have been proposed together with methods for 
estimating the sensitivity factors and attenuation lengths of the species of interest. Three 
methods for calculating contamination depth have been identified. Two of the methods 
(the basic ratioing andTfiickogram techniques) use data gathered at the normal (0°) take 
off angle and ratio the substrate and overlayer signals. The third method, the 
stratification technique, uses angle resolved data taken at the normal and surface (75°) 
take off angles and ratios the two sets of data for individual species.
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CHAPTER 10: Short term XPS results from stainless steel and platinum-iridium 
surface samples
10.1 Chapter summary
This chapter describes the initial XPS measurements made on both stainless steel and 
platinum-iridium surface samples. The samples, described in Chapter 9, were measured 
as received and after approximately 1 month’s exposure to conditions designed to 
reproduce the exposure of the weights used in this work. The results were evaluated 
using the three analysis methods described in Chapter 9: the basic and thickogram 
methods for data from the take off angle normal to the surface sample and the 
stratification method using angle resolved data taken at the normal take off angle (0°) 
and a surface analysis angle (75° to the normal). Comparing results allowed an 
estimation of carbon and oxygen accretion over the 1 month period due to the different 
conditions of exposure.
10.2 Results
10.2.1 Stainless Steel Samples
The stainless steel samples, described in 9.4, were measured as received from the 
manufacturer and after 1 month exposure to the following conditions:
Sample 1: Immersed in water (2 days) and then stored in air 
Sample 2: Stored in air
Sample 3: Moved between air and vacuum weekly 
Sample 4: Stored in vacuum
Measurements on the samples were made at take off angles of 0° and 75° from the 
normal to the surface.
10.2.1.1 Overall contamination
The results were analysed using both the basic substrate overlayer model (Hill et al) 
(eqn. 9.9) and the Thickogram (eqn. 9.14). For both methods of analysis the total depth
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of the contamination layer was calculated by ratioing the total peak intensities of the 
overlayer (I0) (carbon and oxygen) with those of the substrate (Is) (Iron, Chromium and
Using the sensitivity factors given in section 9.5.1.1 the overlayer/substrate peak 
intensity ratio was calculated and used in the (modified) Hill ratioing equation:
As discussed, one of the limitations of the equation is the need to assume the same 
attenuation length (A) for (all) the substrate and overlayer photoelectrons. Since the 
kinetic energies of the photoelectrons concerned are reasonably close together (see table 
9.2) this assumption does not introduce major inaccuracies into the calculations. An 
average attenuation length of 2.9 nm has been assumed for the species of interest. 
Although measurements on the stainless steel samples were taken at 0° and 75° take off 
angles, only the measurements made at the 0° have been used in the analysis since 
equation 9.16 only applies effectively for angles between 0° and 65° (TOA).
Using the same method of ratioing overlayer and substrate peak intensities (eqn. 10.1) 
the thickogram was also used to calculate the depth of contamination on the samples 
(eqn. 9.14). The Thickogram, described in 9.5.4.3, has the advantage that it ratios the 
kinetic energies of the photoelectrons from the substrate and overlayer. This means that 
species with different kinetic energies, and therefore different attenuation lengths, are 
accounted for. However, the thickogram still only uses a single value for the substrate 
and overlayer intensities (eqn. 10.1) meaning that average kinetic energies for the 
substrate species and the overlayer species must be used. A kinetic energy of 776 keV 
has been assumed for the substrate since this is both the kinetic energy of the iron (Fe) 
photoelectrons (the predominant species in the substrate) and near the average kinetic
Nickel) taking into account the sensitivity factors of the species. Thus the peak ratio is 
given by:
Z (/,/Q    i f c ! s c  + I q I s o )
(10.1)
( 10.2)
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energy for the three substrate species. A kinetic energy of 1078 keV, an average of the 
figures for the carbon and oxygen photoelectrons, has been assumed for the overlayer. 
Similarly a figure for the attenuation length of the overlayer photoelectrons of 3.2 nm 
(an average of the values for carbon and oxygen) has been assumed. Only the data 
acquired at a 0° take off angle has been used to calculate overlayer thickness by the 
thickogram method.
Table 10.1 summarises the data before and after exposure for the stainless steel samples 
calculated using both analysis methods.
Type o f  Exposure
Calculated overlayer 
depth as received
Calculated overlayer 
depth after exposure
Increase in overlayer 
depth due to exposure
Hill
(nm)
Thickogram
(nm)
Hill
(nm)
Thickogram
(nm)
Hill
(nm)
Thickogram
(nm)
Water (2 days) then 
stored in air 5.92 5.29 6.96 6.16 1.04 0.87
Stored in air 5.35 4.81 5.55 4.98 0.20 0.17
Moved between air 
& vacuum weekly 5.47 4.91 5.93 5.30 0.46 0.39
Stored in vacuum 5.45 4.71 5.44 4.71 -0.01 0.00
Table 10.1 Calculated depth of contamination before and after exposure
The results show reasonable agreement between the two calculation methods. The basic 
analysis method shows consistently higher results for the contamination depth. This is 
almost certainly due to the assumption of one attenuation length for both substrate and 
overlayer. Interestingly, assumption of an attenuation length for the basic ratioing 
method of 2.6 nm rather than 2.9 nm gives much improved agreement between the two 
approaches (see table 10.2).
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Type o f  
Exposure
Calculated overlayer 
depth as received
Calculated overlayer 
depth after exposure
Increase in overlayer 
depth due to exposure
Basic
(nm)
Thickogram
(nm)
Basic
(nm)
Thickogram
(nm)
Basic
(nm)
Thickogram
(nm)
Water (2 days) 
then stored in air 5.31 5.29 6.24 6.16 0.93 0.87
Stored in air 4.79 4.81 4.98 4.98 0.19 0.17
Moved between 
air & vacuum 
weekly 4.91 4.91 5.32 5.30 0.41 0.39
Stored in 
vacuum 4.88 4.71 4.87 4.71 -0.01 0.00
Table 10.2 Recalculated depth of contamination before and after exposure (using 
modified attenuation length for basic ratioing method)
Given that the thickogram method will give a more accurate estimate of overlayer 
depth, the values calculated by this technique have been used to analyse the 
contamination of the samples for the four exposure conditions described. Figure 10.1 
shows a graph of the change in the depth of contamination with time.
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Figure 10.1 Change in overlayer depth with time for stainless steel samples
The graph shows that the increase in overlayer thickness of the water-exposed sample is 
much greater than the other samples. The sample stored in vacuum appears to have 
accreted no surface layers during 1 month’s exposure. Interestingly, there is a slight 
spread on the contamination of the samples as received from the manufacturer (zero 
time of exposure) and the samples with greater initial contamination have also accreted 
the most over the 1 month exposure period.
10.2.1.2 Individual analysis of carbon and oxygen contamination
Examining the carbon and oxygen peaks separately using the two methods of analysis 
gives the results shown in tables 10.3 and 10.4. Attenuation lengths of 2.7 nm (carbon) 
and 2.6 nm (oxygen) have been used for the basic ratioing method. The Thickogram 
allows the use of the true overlayer attenuation lengths and kinetic energies (given in 
Table 9.2). A kinetic energy for the substrate of 776 eV has again been assumed.
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Type o f  
Exposure
Calculated carbon 
depth as received
Calculated carbon 
depth after exposure
Increase in carbon 
depth due to exposure
Basic
(nm)
Thickogram
(nm)
Basic
(nm)
Thickogram
(nm)
Basic
(nm)
Thickogram
(nm)
Water (2 days) 
then stored in air 4.33 4.30 5.22 5.10 0.89 0.80
Stored in air 3.68 3.72 3.92 3.93 0.24 0.21
Moved between 
air & vacuum 
weekly 3.76 3.79 4.21 4.19 0.45 0.40
Stored in 
vacuum 3.74 3.77 3.71 3.74 -0.03 -0.03
Table 10.3 Calculated depth of carbon contamination before and after exposure
Type o f  
Exposure
Calculated oxygen 
depth as received
Calculated oxygen 
depth after exposure
Increase in oxygen 
depth due to exposure
Basic
(nm)
Thickogram
(nm)
Basic
(nm)
Thickogram
(nm)
Basic
(nm)
Thickogram
(nm)
Water (2 days) 
then stored in air 3.43 3.41 4.24 4.16 0.81 0.75
Stored in air 3.19 3.18 3.27 3.25 0.08 0.07
Moved between 
air & vacuum 
weekly 3.31 3.29 3.58 3.55 0.27 0.26
Stored in 
vacuum 3.29 3.27 3.31 3.29 0.02 0.02
Table 10.4 Calculated depth of oxygen contamination before and after exposure
The results show good agreement between the two analysis methods. All samples show 
greater carbon than oxygen contamination initially and a larger carbon increase on 
exposure. The results of the carbon and oxygen contamination increase are shown in 
Figures 10.2 and 10.3.
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Figure 10.2 Growth of the carbon layer Figure 10.3 Growth of the oxygen layer
The analysis of the individual carbon and oxygen contamination layers follows broadly 
the same trend as the overall contamination. The water-exposed sample shows a slightly 
increased oxygen contamination relative to the other samples, which show similar 
carbon and oxygen increases. Table 10.5 summarises the increase in terms of a 
percentage of the initial contamination present on the individual samples.
Type of exposure
Change in contamination layer for 1 months exposure
Carbon Oxygen Total
W ater (2 days) then 
stored in air
18.6% 22.0% 16.4%
Stored in air 5.6% 2.2% 3.5%
M oved between air 
& vacuum weekly
10.6% 7.9% 7.9%
Stored in vacuum -0.8% 0.6% 0.0%
Table 10.5 Percentage increase in individual contaminants with exposure
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The table shows the enhanced oxygen contamination of the water-exposed sample 
relative to the others. In terms of overall contamination it appears that exposure to water 
has a significant effect in increasing the thickness of the contamination layer and also 
increases the ratio of carbon to oxygen contamination. Movement between air and 
vacuum seems to increase the rate of accretion of contaminants relative to the samples 
stored permanently in both media. Based on the data, storage in vacuum seems to lead 
to the lowest contaminant accretion with no apparent increase in the overall depth of the 
contaminant overlayer during the test period.
10.2.2 Platinum-iridium samples
The platinum-iridium samples described in 9.4 were evaluated using XPS as received 
from the BIPM and again after 1 month’s exposure to the following conditions:
Sample 1: Water (2 days) then stored in air 
Sample 2: Stored in air
Sample 3: Moved between air and vacuum weekly 
Sample 4: Stored in vacuum 
Sample 5: Stored in filtered air
The samples were measured at take off angles of 0° and 75° from the normal to the 
surface of the samples.
10.2.2.1 Overall contamination
The results were analysed using the three methods described in 9.5.4. The basic 
substrate/overlayer ratioing method, described in 9.5.4.2, can be used for data measured 
at a take off angles between 0° and 65° and assumes a single attenuation length for both 
the substrate and overlayer electrons. The Thickogram is an analysis method based on 
the basic ratioing method proposed by Hill et al but allows individual kinetic energies 
(and therefore attenuation lengths) to be used for the substrate and overlayer. The 
stratification method, described in 9.5.4.1, analyses the data from both take off angles 
used (0° and 75°). Since each element present is dealt with separately, the individual
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attenuation lengths and sensitivity factors of all the species of interest can be used in the 
analysis.
For the basic andlhickogram analysis methods only data from the 0° take off angle has 
been used. The basic film thickness calculation method (equations 9.9 and 10.2) 
requires an estimate of an average attenuation length for the overlayer and substrate 
photoelectrons in the overlayer. An attenuation length of 3.5 was used, being the 
average IMFP for the species of interest.
The Thickogram (equation 9.14) ratios the kinetic energies of the substrate and overlayer 
to take account of the differing energies of the photoelectrons produced by the elements 
present. Taking the contamination overlayer as a whole, the samples consist of a 
platinum-iridium substrate with a carbon and oxygen overlayer. A kinetic energy of 
1420 eV has been used for the substrate and 1078 eV for the overlayer. An attenuation 
length (in the overlayer) for all photo-electrons of 3.2 nm has been used.
The stratification analysis method, described in 7.5.4.1, used data from both the 0° and 
75° take off angles and, rather than ratioing the overlayer and substrate peak intensities, 
the peak intensities for the individual species at the two take off angles are ratioed 
against each other. From this data the average depth and the extent of each of the 
species can be calculated. As each species is dealt with individually the actual 
attenuation lengths and sensitivity factors for the elements in question can be used in the 
calculation.
Table 10.6 gives the depths for the contamination layer before and after exposure 
calculated from each of the three methods of analysis.
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Type of exposure
Thickness of contamination 
layer as received
Thickness of contamination 
layer after exposure
Increase in thickness of 
contamination layer
strat.
(nm)
Basic
(nm)
thickgm
(nm)
strat.
(nm)
Basic
(nm)
thickgm
(nm)
strat.
(nm)
Basic
(nm)
thickgm
(nm)
Water (2 days) 
then stored in air
3.49 3.86 3.89 5.59 6.09 6.33 2.10 2.23 2.44
Stored in air 3.62 3.81 3.84 5.40 5.92 6.15 1.78 2.11 2.31
Air/vacuum 
(moved weekly)
3.74 4.12 4.17 6.51 7.21 7.57 2.77 3.09 3.40
Stored in vacuum 3.47 3.78 3.80 3.98 4.43 4.51 0.51 0.65 0.71
Stored in filtered 
air
3.19 3.2 3.17 3.56 3.60 3.60 0.37 0.40 0.43
Table 10.6 Calculated depth for the contamination layer before and after exposure
The table shows that the basic and thickogram analysis methods are in good agreement 
for most measurements. As the depth of contamination increases the agreement 
becomes poorer but is still within 5%. The results from the stratification analysis 
method are lower than those from the other two methods. In general the results are 
about 10% lower except for the last sample (stored in filtered air), which shows good 
agreement between all three methods of analysis.
Despite the slight discrepancies in the data the contamination trends of the individual 
samples are consistent for all analysis methods. Figure 10.4 shows the increase in 
contamination of the individual samples as calculated using theffiickogram.
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Figure 10.4 Contamination of the individual samples 
(calculated using the thickogram)
The graph shows that the initial contamination of the five samples is of a similar 
magnitude. After exposure the vacuum and filtered air samples have gained about 0.5 
nm of surface contamination. Both the samples stored in laboratory air (the “air” and 
“hydrostatic + air” samples) gain about 2 nm of contamination. Unlike the stainless 
steel samples exposure to water has not significantly affected the contamination gain of 
the sample. The sample moved between air and vacuum has gained the most 
contamination with an increase in depth of about 3 nm.
10.2.2.2 Individual analysis of carbon and oxygen contamination
Ratioing the individual carbon and oxygen components of the contamination overlayer 
with the substrate allows analysis of the individual contaminants. Both the basic and 
thickogram methods of depth analysis have been used to calculate the carbon and 
oxygen contamination. The results for both methods are given in Tables 10.7 and 10.8.
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Type o f  exposure
Calculated carbon 
depth as received
Calculated carbon 
depth after exposure
Increase in carbon 
depth due to exposure
Basic
(run)
Thickogram
(nm)
Basic
(nm)
Thickogram
(nm)
Basic
(nm)
Thickogram
(nm)
W ater (2  days) 
then stored in  air 3.13 2.98 5.22 5.09 2.09 2.11
Stored in air 2.85 2.71 4.76 4.63 1.91 1.92
Air/vacuum  
(m oved  w eek ly) 3.26 3.21 6.40 6.30 3.34 3.09
Stored in  vacuum 2.98 2.84 3.58 3.44 0.60 0.60
Stored in  filtered  
air 2.63 2.57 2.47 2.33 -0.16 -0.24
Table 10.7 Calculated depth of carbon contamination before and after exposure
Type o f  exposure
Calculated oxygen 
depth as received
Calculated oxygen 
depth after exposure
Increase in oxygen 
depth due to exposure
Basic
(nm)
Thickogram
(nm)
Basic
(nm)
Thickogram
(nm)
Basic
(nm)
Thickogram
(nm)
W ater (2  days) 
then stored in air 1.57 1.59 2.85 3.07 1.28 1.48
Stored in  air 1.88 1.94 3.26 3.57 1.38 1.63
Air/vacuum  
(m oved w eek ly) 1.87 1.93 3.39 3.72 1.52 1.79
Stored in  vacuum 1.64 1.67 1.99 2.06 0.35 0.39
Stored in  filtered  
air 1.11 1.10 2.00 2.07 0.89 0.97
Table 10.8 Calculated depth of oxygen contamination before and after exposure
211
Both the carbon and oxygen depth results show good agreement between the two 
analysis methods. The mass gain trends for the five samples similarly show good 
agreement in most cases, the exceptions being the air/vacuum transfer sample for which 
the Thickogram shows less carbon and more oxygen contamination than the basic depth 
analysis method. The Thickogram also shows a slightly higher figure for the oxide 
contamination on the two samples stored in (non-filtered) air. Notwithstanding the 
slight discrepancies in the calculated values for the increase in the respective 
contaminant layers, the trends for carbon and oxygen contaminant increase can be seen 
in Figures 10.5 and 10.6. These graphs have been plotted from the thickogram data.
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Figure 10.5 Growth of the carbon layer Figure 10.6 Growth of the oxygen layer
Carbon contamination can be seen to increase in a similar way to the overall 
contamination depth plotted in Figure 10.4. The exception here is the sample stored in 
filtered air, which shows a slight decrease in the overall depth of carbon contamination.
The oxygen contamination depth shows a very similar rate of increase for the four 
samples stored in air. The exception here is the sample stored permanently in vacuum, 
which shows a much lower increase in the depth of oxide contamination.
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10.2.2.3 Angle resolved data for carbon and oxygen contamination
By processing the data from the two take off angles used for the measurements (0° and 
75°) the stratification method allows the calculation of the average depth (below the 
samples surface) and the extent (thickness) of the individual contamination layers. The 
stratification analysis method is described in section 9.5.4.1. The depth of each 
contamination layer (Z,) is calculated from equation 9.5 and the extent from equation 
9.7. The results, calculated using the stratification method, for the carbon and oxygen 
contamination before and after exposure are summarised in Tables 10.9 and 10.10.
Type of exposure
Calculated carbon 
layer as received
Calculated carbon 
layer after exposure
Increase in carbon 
layer due to exposure
Depth
(nm)
Extent
(nm)
Depth
(nm)
Extent
(nm)
Depth
(nm)
Extent
(nm)
Water (2 days) 
then stored in air 1.21 1.80 1.83 3.08 0.62 1.28
Stored in air 1.5 1.92 2.19 2.56 0.69 0.64
Air/vacuum 
(moved weekly) 1.46 2.02 2.18 3.5 0.72 1.48
Stored in vacuum 1.15 1.82 2.04 2.32 0.89 0.50
Stored in filtered 
air 1.06 1.5 1.32 1.78 0.26 0.28
Table 10.9 Calculated depth and extent of carbon contamination layer before and 
after exposure using stratification software
The results show a reasonably uniform depth and extent to the carbon contamination on 
the samples before exposure. The increase in the contamination (extent) is broadly in 
line with the trends seen from the basic and Thickogram results although the measured 
increases are generally smaller.
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Type of exposure
Calculated oxygen 
layer as received
Calculated oxygen 
layer after exposure
Increase in oxygen 
layer due to exposure
Depth
(nm)
Extent
(nm)
Depth
(nm)
Extent
(nm)
Depth
(nm)
Extent
(nm)
Water (2 days) 
then stored in air 0.92 0.68 1.91 1.38 0.99 0.70
Stored in air 1.36 0.96 2.43 1.18 1.07 0.22
Air/vacuum 
(moved weekly) 0.79 0.48 2.79 1.68 2.00 1.20
Stored in vacuum 1.29 0.96 1.79 1.08 0.50 0.12
Stored in filtered 
air 1.33 1.24 1.84 1.4 0.51 0.14
Table 10.10 Calculated depth and extent of oxygen contamination layer before and 
after exposure using stratification software
As with the carbon results the increase in oxide contamination follows broadly the 
trends shown by the basic and thickogram results. The measured increases in 
contamination (extent) are again lower than calculated from the basic and thickogram 
methods.
Using the results for carbon and oxygen contamination depth and extent given in Tables 
10.9 and 10.10 the depth and thickness of the contamination layers for each sample 
have been plotted in Figures 10.7 and 10.8 using figures for the range of the 
contamination layer calculated from equation 9.8.
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Figure 10.7 Change in effective depth and extent of carbon contamination with
exposure
The change in carbon contamination before and after exposure of the samples shows 
some variation between samples. Initial figures show reasonably even depth and 
thickness of contamination. After exposure all samples show an increase in the depth 
and amount of contamination. The changes in the amount of carbon contamination show 
the sample moved between air and vacuum to have increased the most. The samples 
stored in air, in vacuum and in filtered air show minimal increase in contamination 
depth over the period of the test.
One would expect the top of the carbon contamination layer to coincide with the 
effective surface of the sample (depth = 0 nm). This is not the case in the data presented 
since the stratification analysis method calculates the average depth and extent (amount 
of contaminant) and not specifically the top and bottom of the contamination layers. 
The gap between the calculated top of the carbon layer and the theoretical surface could 
be an effect of the denseness of the carbon contamination layer, suggesting that the 
contamination on the in vacuum sample, and to some extent the in air sample, is less 
dense.
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Figure 10.8 Change in effective depth and extent of oxygen contamination with
exposure
The oxygen contamination on the samples before and after exposure shows a wider 
variation in depth than the carbon data. As with the carbon the contamination on the 
samples as received is broadly similar. After exposure the oxide layer appears to lie 
deeper in the surface contamination for all samples although the difference is only small 
for the samples stored in filtered air and vacuum. This is an effect of the increase in the 
carbon contamination, which overlies the oxygen contamination. The two samples 
stored in normal air show similar increase in oxygen to the vacuum and filtered air 
samples but the oxygen layer appears to lie deeper. This is explained by the fact that the 
two air samples have deeper carbon contamination. The sample transferred between air 
and vacuum shows a greater increase in oxygen contaminants, the oxygen layer again 
appearing deeper, lying mostly below the accreted carbon contamination.
10.2.2.4 Conclusions for platinum-iridium samples
X-ray photoelectron spectroscopy has been used to examine five platinum-iridium 
surface samples for surface contamination before and after exposure to five storage 
conditions. Results showed that the samples stored in filtered air and vacuum showed
' i . 'i ii
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the smallest increase in contamination accreting approximately 0.5 nm of contamination 
over the 1 month exposure period. The two samples stored in air accreted approximately 
2 nm of contamination, pre-exposure to water having little effect on the amount of 
accreted contamination. The sample moved between air and vacuum on a weekly basis 
showed the greatest contamination with 3 nm of accretion. Examining carbon and 
oxygen contamination separately showed similar results for all samples with the carbon 
accounting for 60 to 70% of the accreted contaminants. The exception was the sample 
stored in filtered air where the oxygen accounted for the majority of the accretion. 
Examining the depth and extent of the carbon and oxygen contamination, using angle 
resolved XPS (stratification analysis method), showed similar accretion patterns for all 
the samples, with the carbon contamination generally overlying the oxygen.
10.3 Overall conclusions
X-ray photoelectron spectroscopy has been used to examine stainless steel and 
platinum-iridium surface samples. The depth of carbon and oxygen contamination on 
the surface has been calculated using three different analysis techniques. The basic 
method of substrate/overlayer ratioing and the thickogram method use data acquired at a 
0° (normal) take off angle to calculate contamination film thickness. These methods 
have shown good agreement for all the data analysed. Angle resolved XPS in the form 
of the stratification analysis method used data acquired at two take off angles (0° and 
75° were used) to calculate the mean depth and extent of contamination layers.
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CHAPTER 11: Long term XPS measurements on platinum-iridium samples
11.1 Chapter summary
This chapter describes the work performed to measure the long-term contamination of 
platinum-iridium samples by X-ray photoelectron spectroscopy. Samples stored in air 
and in vacuum and transferred between the two media have been regularly studied, 
measuring surface contamination over a period of approximately 32 months. An 
additional control sample, stored in filtered laboratory air for the entire 32 months was 
examined at the beginning and end of the test period. The surface studies described 
correspond directly with the gravimetric measurements performed on mass standards 
exposed to exactly the same storage conditions.
11.2 Introduction
Chapter 9 describes three techniques used to measure the surface contamination of 
samples of platinum-iridium and stainless steel. Measurements were made at two take 
off angles (0° and 75°) to allow the use of angle resolved data processing. The three 
methods of analysis used were a basic substrate/overlayer ratioing technique [120-122] 
(referred to as the basic ratioing or basic technique) and thelhickogram [123] both used 
to process the data from the 0° take off angle only, and the stratification technique [119] 
which uses data from both take off angles. These analysis methods are described in 
detail in Section 9.5.4.
Chapter 10 describes measurements made on stainless steel and platinum-iridium 
samples after short-term exposure to a number of conditions. Agreement between the 
contamination thicknesses measured by all three methods was good and the 
stratification method additionally gave useful supplementary data on the mean depth 
and extent of individual contaminants.
11.3 Experimental Method
This work was performed in conjunction with the gravimetric measurements on 
kilogram artefacts described in chapter 8. Three platinum-iridium surface samples
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(diameter 10mm and thickness approximately 2 mm) were used to accompany the 
artefacts used in the gravimetric tests and thus to mimic the exposure conditions of the 
kilogram weights. These surface samples were regularly examined for surface 
contamination by making XPS measurements. One sample remained in vacuum with 
the vacuum reference weight. One sample was transferred between air and vacuum with 
the transfer standard kilogram and the remaining sample was stored in air. This 
involved storage in filtered air when the kilogram weight was not in use and exposure to 
normal laboratory air when the weight was used as the in air reference standard for the 
gravimetric measurements. Additionally, a fourth platinum-iridium surface sample was 
used as a reference. This was measured at the beginning of the exposure (t = 0 months) 
and finally at the completion of the measurements (t = 32 months). Between these 
measurements the sample was stored in filtered laboratory air.
The surface samples were measured using XPS at regular intervals of time over a period 
of about 32 months to assess the accretion of contamination on the surfaces. Details of 
the equipment used for the XPS measurements are given in Section 9.3. The software 
used for peak fitting, the calculation of attenuation lengths (IMFPs) and sensitivity 
factors and the data analysis methods are described in detail in Section 9.5.
The measured XPS data on the three test samples was used initially to calculate the 
overall depth of the accreted contamination. Carbon (Cls) and Oxygen (Ols) 
contaminants were then calculated separately. Finally the angle resolved XPS data was 
used to investigate the individual carbon and oxygen chemical states within these peak 
envelopes.
11.4 Calculation of the overall accretion depth
In a similar way to the short-term measurements described in Chapter 10, the overall 
accretion of contamination on the surface samples was calculated from the XPS data 
using the three analysis methods described in Section 9.5.4. The values assumed for the 
sensitivity factors, attenuation lengths and kinetic energies of the species of interest are 
the same as those used for the analysis described in Section 9.5.1.
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Tables 11.1a and 11.1b summarise the changes in overall contamination depths over the 
test period, for the three exposed samples and for the control sample kept in filtered air, 
calculated using the three analysis methods.
Time
(months)
Measured depth of contamination (nm)
Sample 1 Sample 2 Sample 3
Basic Thickgm Stratific. Basic Thickgm Stratific. Basic Thickgm Stratific.
0 3.81 4.00 2.86 3.78 3.95 3.47 4.12 4.35 3.74
1 3.84 3.98 3.02 3.82 4.00 3.22 5.21 5.50 4.44
2 3.20 3.31 3.19 3.86 4.05 3.19 6.05 6.37 4.74
5 3.88 4.00 3.41 3.92 3.99 3.44 7.43 7.80 5.56
10 4.29 4.54 3.69 3.88 4.08 3.33 7.97 8.80 6.15
16 4.77 5.10 4.30 4.79 5.12 4.84 9.11 10.11 6.45
26 8.42 9.55 5.30 9.72 11.10 5.75 13.23 14.82 6.30
32 9.84 10.05 6.18 10.55 11.76 6.99 14.68 16.47 7.33
Table 11.1a: Contamination depth on exposed platinum-iridium 
samples calculated by three analysis methods
Time
(Months)
Measured depth of contamination (nm)
Basic Thickogram Stratification
0 3.66 3.81 3.40
32 8.95 9.22 6.04
Table 11.1b: Contamination depth on platinum-iridium control 
sample (sample 4) calculated by three analysis methods
As with the short-term measurements the agreement between the basic and thickogram 
calculation methods is good, with the thickogram generally giving systematically 
slightly higher results. The stratification analysis method gives lower contamination 
values and also gives a slightly different pattern to the increase in accretion with time 
for the transfer sample. This is illustrated by the data from the basic and stratification 
analysis methods, which are plotted graphically in Figures 11.1 and 11.2 respectively.
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Figure 11.1: Increase in contamination with time for platinum-iridium 
samples measured using the basic analysis method
Figure 11.1 shows the accretion of contamination with time on the three platinum- 
iridium samples calculated by the basic ratioing method. It should be noted that the 
depth calculated for the final two measurements (25 and 32 month) approaches the 
theoretical maximum analysis depth for XPS measurement using AlKa (aluminium) 
radiation.
The Beer-Lambert equation (11.1) describes the variation of the intensity of electrons 
emitted with depth.
I  =  I 0 e x p ( -< i/ / ls in # ) ...................................................... (l l . l )
Where I  is the electron intensity, Io is the maximum intensity (from an infinitely thick 
perfectly clean substrate), 6  is the take off angle and X is the inelastic mean free path of 
the electron in question. From this equation, for a take off angle normal to the surface of 
the sample ( 0  =  90°), it can be shown that 95% of photoelectrons emitted emanate from 
within a depth of 3 A from the top surface of the sample:
Since I / I q =  0.05 for 95% emission and sin 0 =  1 equation 11.1 becomes:
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I/ I0 = exp(- d/yI sin 6) (11.2)
0.05 = exp(- d / X) ............................................................. (11.3)
thus
-  d  = X x ln(0.05)............................................................. (11.4)
d = 3 A ................................................  (11.5)
Thus given an attenuation length of about 3.9 nm (for platinum or iridium electrons in a 
carbonaceous overlayer) the maximum depth of analysis is about 11.7 nm.
Analysis of the data presented in Figure 11.1 shows a gradual increase with time of the 
contamination on the in air and in vacuum samples. Both show an increase of about 
1 nm over the first 16 months of the test. The increase between 16 and 32 months is 
slightly steeper particularly for the in vacuum sample. This may be a function of the 
analysis method since as the substrate signal becomes smaller (tending to zero with the 
increasing contamination thickness) the ratio of overlayer to substrate tends to infinity. 
For low substrate signals the uncertainty in the signal, and therefore in the calculated 
contamination depth, will be high.
The sample transferred between air and vacuum shows a much steeper increase in 
contamination over the first two months and shows an exponential type increase to 
5 months. After this initial period the rate of contamination gain becomes more stable 
but is slightly greater than that seen for the other two samples.
The results for the control sample kept in filtered air and tested at the beginning and the 
end of the period show slightly lower accretion levels than the other samples. This can 
be attributed to the improved storage conditions and the fact that the sample has not 
undergone the regular transfer between air and vacuum experienced by all the other 
samples (in air , in vacuum and transfer samples) when the XPS measurements were 
performed. The behaviour of the transfer sample has shown that this increases the rate 
of surface accretion of contaminants.
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Figure 11.2 shows the measured accretion for the three samples calculated using the 
stratification method of analysis.
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Figure 11.2 Increase in contamination with time for platinum-iridium samples 
measured using the stratification analysis method
The stratification method, described in Section 9.5.4.1, calculates both the mean depth 
and overall extent of the species present. The total contamination is taken as the depth 
from the surface of the sample to the calculated upper extent of the platinum-iridium 
substrate (see Figure 9.9 for an example).
As stated the measured contamination depth from the stratification analysis is 
systematically lower than that calculated using the other two analysis methods. The 
overall accretion trend of the three samples is however similar. The in air and in vacuum 
samples show similar accretion rates both gaining 1.2 nm of accretion over the first 
16 months. The in vacuum sample shows a less uniform accretion than the in air sample 
possibly due to the fact that the sample had to be removed from vacuum for 
transportation before XPS measurement. An initial decrease in its accreted 
contamination possibly shows that initial exposure to vacuum has a cleaning effect on 
the sample removing weakly bonded contaminants (the change is, however, towards the 
limit in the uncertainty of the measurement and analysis method). The sample
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transferred between air and vacuum shows a much more rapid initial accretion of 
contaminants falling exponentially with time and showing a maximum increase in 
accretion depth of about 3 nm.
The difference between the behaviour of the transfer sample as measured by the basic 
ratioing (and Ihickogram) and stratification techniques is significant. The calculated 
behaviour of both the in vacuum and in air samples is similar for all the analysis 
methods used. The transfer sample however shows up a discrepancy between the 
analysis methods. The substrate/overlayer ratioing methods show a rapid initial increase 
in surface contamination followed by a more steady increase in line with the accretion 
rate shown by the in air and in vacuum samples. The angle resolved stratification 
method shows the same rapid initial increase but suggests that the sample subsequently 
accretes little more surface contamination. This is almost certainly a function of the 
analysis method, which, when ratioing small substrate signals at the two take off angles 
used, will tend to locate the substrate at a depth of about 6 nm, the approximate limit of 
analysis of the stratification calculation method. The graph in Figure 11.2 illustrates the 
6nm limit of depth analysis on the transfer sample. The gravimetric measurements made 
on the transfer standard (kilogram 82) support the long-term accretion model presented 
by the substrate/overlayer rationing methods in that the kilogram has been shown to 
continue gaining mass (at a similar rate to the in air and in vacuum standards) after the 
initial rapid mass gain.
11.5 Calculation of individual carbonaceous and oxygen contamination
11.5.1 Single angle methods (basic ratioing and thickogram)
The carbon (Cls) and oxygen (Ols) contamination depths have been examined 
separately using both the basic and thickogram analysis methods described in Sections
9.5.4.2 and 9.5.4.3. This will give, to some extent, an ideal of the type of accretion 
occurring on the surfaces of the samples. The results for the carbonaceous and oxygen 
contaminant accretion with time are summarised in Tables 11.2 and 11.3.
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Time
(months)
Measured depth of oxygen contamination (nm)
Sample 1 Sample 2 Sample 3 Sample 4
Basic Thickogm Basic Thickogm Basic Thickogm Basic Thickogm
0 2.86 3.03 2.98 3.17 3.26 3.49 2.79 2.85
1 2.80 2.99 3.10 3.22 5.19 6.02
2 2.63 2.78 3.13 3.34 6.34 7.02
5 3.22 2.38 3.41 3.41 7.29 7.96
10 3.39 3.64 3.37 3.61 7.15 7.91
16 3.95 4.26 4.14 4.47 8.49 9.44
26 7.73 8.57 9.42 10.77 12.86 14.41
32 9.48 10.57 10.25 11.44 14.34 16.08 8.38 8.94
Table 11.2 Carbonaceous contamination depth on platinum-iridium samples
Time
(months)
Measured depth of oxygen contamination (nm)
Sample 1 Sample 2 Sample 3 Sample 4
Basic Thickogm Basic Thickogm Basic Thickogm Basic Thickogm
0 1.88 1.75 1.64 1.51 1.87 1.74 1.69 1.48
1 1.61 1.67 1.66 1.49 3.86 4.44
2 1.11 0.99 1.57 1.44 4.15 4.51
5 1.75 1.74 1.71 1.47 4.67 4.88
10 1.99 1.86 1.20 1.07 3.90 3.94
16 2.10 1.98 1.80 1.67 4.07 4.13
26 3.31 3.34 3.72 3.80 5.89 6.23
32 3.89 3.87 4.13 4.12 6.91 7.42 3.44 3.47
Table 11.3 Oxygen contamination depth on platinum-iridium samples
Again the agreement between the two calculation methods is good. The results, from the 
basic analysis method, are plotted graphically in Figures 11.3 and 11.4.
225
1 6 .0 0
£  1 4 .0 0
c
12.00
10.00c
o
S .00
6.00
4 .0 0 Air
Vacuum
Air/Vac
raO 2.00
0.00
5 100 15 20 2 5 3 0 3 5
Time (months)
Figure 11.3 Increase in carbonaceous contamination with time for platinum-
iridium samples
The carbonaceous contamination follows a similar pattern to that of the overall 
contamination calculated using the basic and thickogram methods. The initial increase 
in the carbonaceous contamination on the sample moved between vacuum and air is 
more pronounced and there appears to be a plateau in the increase between 5 and 
10 months (although this is probably an anomaly an*anyway within the uncertainty of 
measurement). As with the overall contamination, all three samples show an increase in 
the accretion rate between 16 and 32 months.
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Figure 11.4 Increase in oxygen contamination with time for platinum-iridium
samples
The oxygen accretion follows a similar pattern to that of the carbon albeit with a much 
smaller increase in depth. The transfer sample again shows a rapid initial increase in 
contamination but the rise is more rapid and only occurs for the first 1-2 months. For all 
samples the rate of increase in accretion with time is much less pronounced than with 
the carbonaceous contamination.
Comparing the individual carbon and oxygen contamination measurements shows that, 
with the exception of the first month’s accretion on the transfer sample, the majority of 
accreted contamination is carbon based. In the first month the transfer standard appears 
to accrete approximately equal ratios of carbonaceous and oxygen contaminants.
11.5.2 Angle resolved stratification method
As discussed in Chapter 9 (Section 9.5.4.1) the stratification method allows the 
processing of angle resolved XPS data to give both the depth and extent of the 
individual contamination layers. The technique has been used to calculate individually 
the depth and extent of the overall carbonaceous and oxygen contamination on the 
samples.
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11.5.2.1 Carbonaceous contamination
The results for the analysis of the three platinum-iridium samples for carbonaceous 
contamination are given in Tables 11.4.
Time
(months)
Measured depth of carbonaceous contamination (nm)
Sample 1 Sample 2 Sample 3
Depth Extent Depth Extent Depth Extent
0 0.53 0.94 0.81 1.28 0.67 1.10
1 0.67 1.24 1.24 2.02 1.50 1.92
2 1.06 1.50 1.06 1.80 2.25 4.38
5 1.02 1.60 1.01 1.78 2.57 4.91
10 1.10 1.84 1.00 1.92 2.91 5.68
16 1.06 2.02 2.44 3.96 3.16 6.24
26 2.91 3.98 2.38 4.74 3.19 6.26
Table 11.4 Carbonaceous contamination depth and extent on platinum-iridium 
samples, angle resolved data from stratification analysis method
The carbon results show a reasonably steady increase in both the depth and the extent of 
the contamination. As with the results from the basic and thickogram analysis methods, 
the sample moved between air and vacuum shows a more rapid initial accretion of 
carbonaceous contamination than the samples stored permanently in air and in vacuum. 
The results for average depth and extent of the accretion of carbonaceous contamination 
on the three samples have been used to calculate the range of the contamination layer 
for each measurement. These results are plotted in Figures 11.5 to 11.7.
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Figure 11.5 Accretion with time of carbonaceous contamination on the
in air sample
Figure 11.6 Accretion with time of carbonaceous contamination on the
in vacuum sample
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Figure 11.7 Accretion with time of carbonaceous contamination on sample 
transferred between air and vacuum
Carbonaceous contamination calculated by the stratification method shows a similar 
pattern to that calculated by the basic and thickogram methods. The in air and in 
vacuum samples show a reasonably steady increase in the extent of the surface 
contamination with time. The transfer sample shows a rapid initial increase over the 
first few months followed by a more steady increase to a depth of about 6nm, this being 
the limit of the stratification analysis method.
In most cases the calculated range of carbon accretion starts approximately at the 
sample surface as would be expected, the two exceptions being the in air sample at 26 
months exposure and the in vacuum sample at 16 months exposure where the 
carbonaceous contamination appears to start about 1 nm below the surface. This is 
clearly not the case since there should be nothing above the top layer of carbonaceous 
contamination. The apparent gap between the top of the carbonaceous contamination 
and the surface occurs because the stratification method calculates the average depth 
and extent (amount) of the individual contaminant. This is then represented as a bar the 
depth and size of which representing the depth and amount of contaminant but not 
necessarily accurately showing where the layer starts and finishes. The shortfall of some 
of the layers from the surface is an indication of the uncertainty in the analysis method 
in calculating the range of the contamination (where it starts and finishes). It is also
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possible that the shortfall of the calculated carbon extent from the surface of the sample 
indicates a less dense carbon layer but the fact that this phenomenon only occurs in odd 
results makes this less likely. Figure 11.8 shows the accretion extent plotted against 
time.
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Figure 11.8: Carbonaceous accretion with time calculated by stratification method
The accretion of carbonaceous contaminants shows a similar behaviour to that seen 
when calculating the total depth of the overlayer (Figure 11.2). This initial extent of the 
carbonaceous contamination layer (about 1 nm) is much less than that of the overall 
contamination layer (about 3 nm) suggesting that oxygen based contaminants (mainly 
oxide and hydroxide groups) make up a large proportion of the “original” contamination 
layer. As with the calculation of the overall contamination layer by the stratification 
method both the in air and in vacuum show reasonably linear accretion rates (albeit with 
a slight increase towards the end of the test -  a result also shown by the 
substrate/overlayer ratioing calculations). The transfer sample shows again a rapid 
initial increase and relatively little increase over the final 20 months (due to the 
limitations of the analysis technique already discussed).
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11.5.2.2 Oxygen contamination
The stratification method was also used to analyse the oxygen contamination data on the 
three samples. The results are given in Table 11.5
Time
(months)
Measured depth of oxygen contamination (nm)
Sample 1 Sample 2 Sample 3
Depth Extent Depth Extent Depth Extent
0 0.61 0.68 0.72 0.78 0.73 0.78
1 1.13 0.86 0.89 0.96 1.36 0.90
2 0.79 0.48 0.63 0.68 2.28 2.08
5 1.14 0.88 0.60 0.60 2.35 1.70
10 1.36 1.02 0.58 0.50 2.71 1.92
16 1.28 0.92 1.67 1.30 2.77 1.60
26 2.71 1.32 1.35 0.90 2.79 1.62
Table 11.5: Oxygen contamination depth and extent on platinum-iridium samples, 
angle resolved data from stratification analysis method
Analysis of the data for the depth and extent of oxygen contamination shows a less 
regular pattern for the average depth and the extent of accretion. In general the in air 
and air/vacuum samples show gradual increase in both depth and extent of accretion. 
The in vacuum sample shows only a slight increase in the depth of the oxygen 
contamination layer with time, the size (extent) of the layer appears relatively consistent 
with time.
The air/vacuum sample again shows a more rapid rise reaching a maximum after only 
2 months’ exposure. After this the extent of contamination on the sample varies little 
and the depth increases due to carbonaceous contamination building up on top of the 
oxygen contamination.
The results for the depth and extent of the oxygen layer have been used to calculate the 
size and position of the oxygen contamination on the three samples. These results are 
plotted in Figures 11.9 to 11.11.
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in vacuum sample with time
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Figure 11.11 Accretion with time of oxygen contam ination on the transfer sample
The oxygen layers increases in extent with time to a much lesser degree than the 
carbonaceous layers. Again, the sample moved between air and vacuum shows the 
greatest accretion, most of which takes place over the first 2 months of exposure. The 
depth at which the oxygen contamination layer occurs increases with time for all 
samples. This is due to the build up of carbonaceous contamination above the oxygen 
layer. Figure 11.12 shows the extent (size) of the oxygen contamination layer with 
respect to time for the three samples tested.
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Figure 11.12: Extent of the oxygen layer (stratification calculation method)
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From the graph it can be seen that the extent of the oxygen contamination shows a very 
gradual increase for both the in air and in vacuum samples. Within the uncertainty of the 
analysis method it can be assumed that the oxygen contamination on the in air and in 
vacuum samples is fairly stable with a depth of about lnm. Over the first two months of 
the test the transfer sample shows an increase in the extent of its oxygen contamination 
layer. Subsequently the depth is reasonably stable at about 1.6 nm
11.6 Individual peak fitting to carbon and oxygen peak envelopes.
While it is valid to examine the carbon and oxygen as individual contaminants, in fact 
the carbon (Cls) and oxygen (Ols) peak envelopes are made up of as many as five 
individual peaks. Using the methods described in Section 9.5.3, individual peaks were 
fitted to the carbon and oxygen peak envelopes. As many as five carbon and four 
oxygen peaks can make up the peak envelopes. Table 11.6 summarises the potential 
peaks present together with their binding energies.
Carbon peaks Oxygen peaks
Attribution Binding energy (eV) Attribution Binding energy (eV)
PtC* (or IrC*) 283.9 P t0* /P t02* 530.2
C*-C, C*-H 284.8 Pt(0*H )4 531.5
C*-OH 286.4 c = o * , C-O* 532.4
c * = o 288.0 h 2o * 533.7
C*OOH 289.2
Table 11.6 Potential carbon and oxygen peaks and their binding energies
It should be noted that the metal carbide (PtC) oxide (PtO) and hydroxide (Pt(0*H)4) 
peaks also include the iridium peaks (IrC*, IrO* etc.).
The fitting of the individual carbon and oxygen peaks is described in 9.5.2 and 9.5.3. 
The measurements showed that of the carbon peaks only the hydrocarbon (C-H) 
hydroxyl (C-OH) and carbonyl (C=0) groups were present in any quantity. For all XPS 
measurements taken the carbide (PtC* and IrC*) and carboxyl (C*OOH) groups 
accounted for less than 1% of the overall carbon peak and so have been ignored. Where 
individual oxygen peaks were fitted, all the attributions listed in Table 11.6 were fitted 
to the oxygen peak envelope.
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11.6.1 Individual carbon peaks
To examine the change in the individual carbon peak intensities with time the three 
peaks of interest (C-H, C-OH and C=0) were fitted to the CIS peak envelope for data 
from both take off angles (0° and 75°). The individual peak data, along with the 
substrate (platinum) and combined oxygen data was evaluated using the stratification 
analysis technique. Figure 11.13 shows a typical stratification plot for the data analysed 
in this way. This example is taken from a sample after 26 months’ exposure so shows 
relatively high carbon contamination relative to the other species.
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Figure 11.13 Typical stratification plot for substrate (Pt), oxygen (Ols) and
individual carbon layers
The plot shows the typical stratification of the carbonaceous contamination layers, with 
the H-C, C-OH and C=0 layers overlapping. The platinum substrate appears at a depth 
of about 6 nm below the contaminant overlayers. The oxygen layer shown represents an 
average depth and extent for all the oxygen present.
Using the stratification analysis method in this way the change in the composition of the 
carbonaceous contamination with time can be examined for the three samples tested. 
These changes are plotted graphically in Figures 11.14 to 11.16. H-C groups are 
represented by the solid blue line, C-OH groups by the shaded blue line and C=0
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groups by the hatched blue line. The red line represents the average depth and extent of 
all oxygen groups.
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Figure 11.14 Change in carbon peaks with time for in air sample
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Figure 11.15 Change in carbon peaks with time for in air vacuum
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Figure 11.16 Change in carbon peaks with time for transfer sample
While the relative positions of the individual carbonaceous contamination layers can be 
seen to vary with time the overall trend shows the three carbonaceous chemical states 
overlap. Overall the C-OH and C=0 groups tend to occur at a greater depth than the 
C-H contamination. With time the hydrocarbon (H-C) contamination shows the greatest 
increase with the increase in the other groups being minimal.
11.6.2 Individual oxygen peaks
The average depth and extent of the oxygen contaminants varies little in size and 
position relative to the carbonaceous contaminants. As stated this represents the average 
position of the oxygen contamination; examining the individual oxygen peaks within 
the Ols peak envelope allows a more detained analysis of these contaminants. Figure 
11.17 shows a typical stratification analysis plot illustrating the relative positions of the 
three main chemical states of oxygen contamination.
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Figure 11.17: A typical stratification plot for substrate (Pt) and individual oxygen
layers
The plot shows the typical stratification for the oxygen contaminants. The oxide (PtO 
and PtC>2) layer, as would be expected, appears directly above the substrate. The (metal) 
hydroxide and C-0H/C=0 layers appear above this oxide layer and coincide with the 
carbonaceous contamination layers (C-H, C-OH and C=0). The water (H2O) layer is 
negligible in size but its depth position looks reasonable.
Examining the individual oxygen peaks for the in air and in vacuum samples shows 
little change in the overall composition with time. Both the Pt(OH)4 and C-0H/C=0 
species show steady but small increases. The transfer sample shows a more rapid 
increase for both species over the first 2 months of exposure with the oxidised carbon 
contamination (C-OH and C=0) groups showing a slightly larger increase than the 
metal hydroxide (Pt(OH)4). The examination of the carbon peaks suggests that the 
increase in the C-0H/C=0 peak is mainly due to an increase in the C-OH component.
11.7 Uncertainties
Gross et al [129] discuss uncertainties in calculated overlayer thicknesses on silicon 
substrate using XPS. Overlayers of thickness 2 to 8 nm were examined and an overall 
combined standard uncertainty of the order of 15%.
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11.7.1 Repeatability of XPS measurements
The repeatability of the XPS measurements was assessed both in terms of a repeat scan 
on the same area of the sample and a scan taken on a different area of the same sample. 
A check was performed on about half the series of XPS measurements over the 
32 months of the tests. Table 11.7 summarises typical peak data for measurements on a 
single sample (set 1) and repeat measurements taken from the same position (set 2) and 
a different position (set 3) on the sample’s surface.
Measurement set 1 Measurement set 2 Measurement set 3
Element
identification
Peak
intensity
(KceV/s)
Peak 
centre (eV)
Peak
intensity
(KceV/s)
Peak 
centre (eV)
Peak
intensity
(KceV/s)
Peak
centre
(eV)
Pr (4f) 48.647 70.00 49.218 70.00 53.812 70.00
Ir(4f) 7.069 59.60 7.004 59.60 8.066 59.80
C(l)s 5.264 283.80 5.318 283.80 5.871 283.80
0(1 )s 7.069 530.60 6.986 530.60 7.812 530.80
Table 11.7 Repeatability of XPS measurements
The results illustrate that, as expected, the position of the peak centre does not 
significantly vary for measurements taken from the same sample, indeed the peak centre 
positions were similar for all measurements taken on the same day (see Chapter 9, 
Section 9.5.2). Although the peak intensities vary slightly for the repeated measurement 
and more for the repeat measurement for a different position on the sample the ratios of 
the intensities (which defines the depth of each element) are very consistent. This is 
illustrated by Table 11.8, which ratios the peak intensities of the iridium, carbon and 
oxygen peaks against those of the platinum for each set of data.
Set 1 Set 2 Set 3
Element
identification
Peak intensity 
ratio 
(KceV/s)
Peak intensity 
ratio 
(KceV/s)
Peak intensity 
ratio 
(KceV/s)
Pr (4f) 1.000 1.000 1.000
Ir(4f) 0.145 0.142 0.150
C(l)s 0.108 0.108 0.109
0 (l)s 0.145 0.142 0.145
Table 11.8 Ratios of peak intensities for Ir, C and O against Pt
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The table shows that the ratios of the peak intensities are very close (within 4%) for all 
readings. An error of this magnitude in the intensity of the overlayer relative to the 
substrate will lead to an error of approximately 2% in the calculated overlayer thickness 
by either the ratioing or the stratification (angle resolved) method of calculation.
11.7.2 Variations in input parameters for overlayer thickness calculations
Variations in the input parameters for the overlayer thickness calculations were 
examined for the three analysis methods used. Variations in sensitivity factors of up to 
10% had minimal effect on the calculated depth (less than 1%). As would be expected 
variations in the attenuation lengths (IMFPs) fed directly through to the calculated 
overlayer depth - a 1 % variation in the IMFP resulting in a similar variation on the 
calculated overlayer depth. Thus it can be seen that the calculation of the attenuation 
lengths (or IMFPs) for the individual species is important in the overall uncertainty of 
measurement. Gross et al [129] reported a consistency of about 9% between measured 
IMFPs and about 19% between IMFPs, which have been calculated and measured. 
Provided a consistent method of IMFP estimation is used these variations can be 
limited. The source used for the calculations reported in this thesis [117] reports typical 
uncertainties of ± 5%.
11.7.3 Uncertainties in peak fitting of individual carbon and oxygen peaks
Cumpson and Seah [128] examined uncertainties in peak energies, intensities and areas 
looking at goodness of fit of peak synthesis data from XPS measurements. They 
concluded that, provided random errors dominate, chi-squared fitting of the individual 
peaks, as employed by the ESCAlab software used in this analysis, is the most useful 
measure of goodness of fit.
While performing the peak fitting variations in the input parameters described in section
9.5.3.1 were examined for their effect on the individual peak intensities. While it was 
noted that variations in the Gausian/Lorenzian functions and full width half maximum 
vales had a significant effect on the goodness of fit of the peak data, fixing these two 
input variables allowed direct comparison of repeated measurements on the surface 
samples.
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11.7.4 Variation between measurement methods
Two measurement methods have been employed, single angle XPS at a 0° taken off 
angle (normal to the surface of the sample) and angle resolved XPS using two take off 
angles (0° and 75°). The single angle XPS was analysed using two overlayer thickness 
calculation methods; a simple substrate overlayer ratioing method [120-122], and the 
Thickogram method [123]. The agreement between the two analysis method was with 
5% for all measurements. The angle resolved data was analysed using the stratification 
method [119], which, rather than ratioing the overlayer and substrate signals, ratios the 
intensities of individual species at the two take off angles used. Overlayer depths 
calculated from the angle resolved data tended to be about 15% less than those 
calculated from the single angle data but showed the same overall pattern of overlayer 
accretion.
11.8 Conclusions
X-ray photoelectron spectroscopy has been used to measure the accretion of surface 
contamination on three test samples and one control sample. Substrate/overlayer and 
angle resolved methods have been used to calculate the depth and extent of the carbon 
and oxygen contamination. Comparison of the data from the methods of calculation 
shows good agreement between the two substrate/overlayer ratioing techniques. The 
angle resolved (stratification) technique gave systematically lower results for the 
overlayer depth (by about 25%).
The two samples stored permanently in air and vacuum showed similar contamination 
build up patterns both accreting contaminants linearly throughout the period of the test. 
The control sample (stored permanently in filtered air and only tested at the beginning 
and end of the test period) showed a slightly lower build up of contaminants as would 
be expected given the more stable storage conditions and the fact that it did not need to 
be periodically transferred from air to vacuum for XPS measurements. The transfer 
sample, exchanged between air and vacuum about every 10 days, showed a more rapid 
initial increase in overlayer thickness. After about 5 months the accretion rate fell in line 
with the in air and in vacuum samples.
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CHAPTER 12: Correlation between gravimetric and XPS measurement of
accretion of platinum-iridium
12.1 Chapter summary
This chapter analyses the correlation between results from the long-term gravimetric 
and XPS measurements made on platinum-iridium mass standards and surface samples. 
Samples stored in air and in vacuum were studied together with a sample transferred 
regularly between the two media. Using the gravimetric and surface data, densities for 
the overlayers on the three samples have been calculated.
12.2 Introduction
The accretion of contaminants on a surface in air takes two forms, chemically adsorbed 
(chemisorbed) and physically adsorbed (physisorbed) contaminants. Chemisorbed 
contamination components are strongly bonded to the surface of the material and are 
generally not removed by exposing the material to vacuum or by the use of the normal 
cleaning methods associated with mass standards discussed earlier. Physisorbed 
contaminants are less strongly bonded than those that are chemisorbed and the more 
weakly bonded physisorbed species will be removed by exposing the surface to 
vacuum.
12.3 Measurements
The gravimetric work, described in Chapters 5 to 8, compares the mass values of 
kilogram artefacts with different surface areas, in air and in vacuum. This work, using 
both stainless steel and platinum-iridium weights, gave a measurement in terms of mass 
per unit surface area of the weakly physisorbed contaminants, which are removed from 
the surfaces of the weights in air by exposing them to vacuum. Also discussed in these 
chapters is the accretion of both physisorbed and chemisorbed contaminants on the 
mass samples over longer periods of time. This long-term accretion has been measured 
by monitoring the mass values of the weights. Chapters 9 to 11 discuss the measurement 
of these accreted contaminants using X-ray photoelectron spectroscopy.
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12.4 Summary of results
12.4.1 The effect of transfer between air and vacuum
Chapters 6 and 8 describe the work performed on weighing stainless steel and platinum- 
iridium weights in air and in vacuum. The use of artefacts of different surface areas 
allowed the quantification of the effect of transfer between air and vacuum for the two 
in terms of unit surface area.
12.4.1.1 Initial non-reversible mass change
Both materials exhibited a different mass change on initial exposure to vacuum than on 
subsequent exposures when the mass gain/loss measured was essentially reversible. 
This initial non-reversible mass change shows different behaviour for the two materials, 
probably reflecting the state of the weights as received from the manufacturer. The 
stainless steel weights showed an initial (non-recoverable) mass loss of 0.074 pg/cm2 
with good uniformity between the results for all the weights tested. This can be assumed 
to be the result of the loss of weakly physisorbed contaminants from the weight surface, 
the probable source of which was the weight manufacturing process.
The weight change of the platinum-iridium weights on initial exposure to vacuum was 
less uniform over the samples tested than was the case for the stainless steel weights. 
The weights showed a general increase in mass between their value in air before and 
after exposure to vacuum. This suggests that, while the samples had less residual 
contamination from the manufacturing process than the stainless samples, exposure to 
vacuum and removal of the water layer on the weight surface increases the likelihood of 
contamination on return to air for the first time.
12.4.1.2 Reversible change between air and vacuum
As with the non-recoverable mass loss, the reversible change between air and vacuum 
showed good agreement between the stainless steel weights tested and also showed a 
very repeatable change between successive transfers. The average mass loss/gain on 
transfer between air and vacuum for all transfers performed was 0.154 pg/cm2 with a
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standard deviation of 0.011 pg/cm . This mass change represents the effect of the loss 
and re-gain of the weakly bonded physisorbed molecules on the surfaces of the weights. 
The loss and re-gain of the mass was seen to occur within 10 minutes of exposure to 
vacuum and re-exposure to air and is thus most likely to consist of water vapour 
adsorbed/desorbed on the surface of the weights. Given that a monolayer of water 
produces a mass gam of approximately 30 ng/cm on the surface of the weights the 
calculated mass change between air and vacuum equates to 5 monolayers of water (on 
the geometric surface of the weight). The true surface area of the weights will be greater 
than the geometric surface areas used for the mass gain calculations and will depend on 
the surface finish of the weights used -  the average Rz value for the stainless steel 
weights being about 40 nm. Previous work by Kochsiek (72) has, however, indicated 
that the surface finish has only a minimal effect on the take up of water onto the surface 
of weights (an order of magnitude increase in the surface roughness only resulting in a 
30% increase in water adsorption). Schwartz (79) did however conclude that the state of 
cleanliness of a weight surface had more influence on its water adsorption than the 
surface finish.
Measurements with the platinum-iridium again showed more variable results but an 
average figure of 0.189 pg/cm2 was calculated for the (repeatable) mass gain/loss for 
transfer between air and vacuum. The standard deviation for this figure was 
0.057 pg/cm2 using all the measurement data. This result is slightly higher, but in broad 
agreement with that obtained from the stainless steel weights. This indicates that the 
surface finish is not a significant factor in water adsorption, the stainless steel weights 
having an average surface roughness (Rz) of about 40 nm compared with about 4 nm for 
the platinum-iridium weights. The initial XPS measurements on the stainless steel and 
platinum-iridium surface samples (Chapter 10) show a slightly thicker contamination 
layer on the stainless steel samples (4 nm compared with 5nm). This, together with the 
higher surface roughness, suggests that the stainless weights should show higher mass 
loss/gain characteristics than the platinum, which is not the case. The difference 
between the behaviour of the stainless steel and platinum-iridium weights in terms of 
mass loss/gain is probably due to the fact that water will bond more strongly to the 
stainless steel than to the platinum-iridium. Water bonds strongly to chromium 
hydroxide, which is the main oxide at the surface of the stainless steel, whereas it will
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not bond strongly to platinum oxide that is mainly present at the surface of the (clean) 
platinum-iridium weights.
12.4.2 Longer term stability of in air, in vacuum and transfer standards
XPS measurements were made on platinum-iridium surface samples, which 
accompanied the three standard weights with one remaining in air one being stored in 
vacuum and one being regularly transferred between the two environments. The results 
from these measurements show that the sample moved between air and vacuum showed 
a much more rapid increase in the thickness of the contamination layer than the samples 
stored permanently in air or in vacuum.
Figure 12.1 shows the long-term accretion of surface contamination layer for the three 
sample conditions as measured using XPS. The data has been analysed using the 
stratification technique described in Chapter 9.
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Figure 12.1: Overlayer thickness for the three platinum iridium samples
The graph shows the rapid increase in the contamination of the transfer sample when 
compared with the other two. The accretion of contaminants on the surface of this 
sample appears to slow down with time. As discussed in Chapter 11, this is a function
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of the stratification analysis technique rather than being a real effect. The data for the 
transfer standard beyond 10 months can therefore be disregarded.
The depth of contamination on the in air sample increases linearly which would be 
expected from examination of the large amount of gravimetric data available for 
national standard kilograms. The in vacuum sample shows a less linear accretion than 
the in air sample but follows a similar mass gain pattern. The higher accretion and more 
erratic gain pattern on the in vacuum sample may be due to the fact that it had to be 
removed from vacuum storage to allow transfer to the XPS apparatus during which time 
it was exposed to (filtered) atmospheric conditions for anything up to 5 hours.
Over the period of the test the accretion of contamination of the in air and in vacuum 
samples is remarkably similar, showing an increase in the overlayer depth of about 2.6 
to 2.9 mn. Given that the average thickness of a monolayer of hydrocarbon 
contamination is about 0.24 nm [92] this represents 11 to 12 monolayers. The transfer 
sample shows a similar gain (about 2.7 nm) over the first 10 months of exposure.
12.4.2.1 Mass gain of in air standard
The accretion rate measured for the in air sample can be assumed to equate to the mass 
gain on the national standard kilogram during normal use. Over the 32 months of the 
test the increase in the overlayer thickness of the in air platinum-iridium sample, 
calculated using the stratification analysis technique, is 2.59 nm. This increase in 
contamination corresponds to the gain in mass of kilogram A (the in air monitoring 
standard) over the same period. Given the problems with monitoring the absolute value 
of platinum-iridium kilograms discussed in Chapter 3 the change in the value of 
kilogram A over the period in question is difficult to calculate. Without returning 
kilogram A to BIPM no absolute reference exists against which the mass value of 
kilogram A can be checked, the only absolute reference point for the value of platinum- 
iridium kilograms being a calibration by the BIPM. Kilogram A has been calibrated 
twice by the BIPM once in 1983 after its manufacture and again at the end of 2000 
coinciding with the end of its use in the work described in this thesis. The values for 
kilogram A provided by the BIPM are summarised in table 12.1. It should be noted that
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the 1983 value represents a mass for the standard shortly after cleaning and that the 
2000 value has been measured by the BIPM without cleaning the weight.
Date of 
Calibration
Quoted
Value
Estimated
uncertainty
(k=l)
December 1983 1 kg + 68 pg 4.0
November 2000 1 kg + 78 pg 4.0
Table 12.1 Values for kilogram A measured by the BIPM
The indicated gain of 10 pg over the 17 years between calibrations gives a mass gain of 
0.59 pg/year, a figure below that suggested by the BIPM (1 pg/year [27]) and below 
that calculated by the NPL for kilogram 18 (see Chapter 3). With only two data points, 
the assumption of a linear mass gain over such a long period of time is questionable, 
particularly given the irregular pattern of usage of kilogram A. More data on the value 
of kilogram A is available from NPL internal calibrations but these rely on estimates of 
the values of the other platinum-iridium kilograms and in particular the increase in 
value of kilogram 18 from its last calibration by the BIPM. The most reliable values for 
A are those quoted directly by the BIPM as discussed above. Between the calibration by 
the BIPM of kilogram A in 1983 and in 2000, kilogram 18 has been calibrated by the 
BIPM four times. By comparing kilogram A with kilogram 18 at NPL, before and after 
18 goes to the BIPM for calibration, values for kilogram A directly traceable to the 
BIPM can be calculated. Table 12.2 summarises the values for kilograms 18, A and B 
over the period 1983 to 2000. The measurements quoted are only those made by the 
BIPM (black) and those made at NPL that are directly traceable to BIPM values (red). 
These (red) values represent comparisons performed by NPL within 6 months of a 
calibration of kilogram 18 by the BIPM. Kilogram B is a platinum-iridium standard of 
the same construction and age as kilogram A and is included in this analysis to give 
additional data on the stability of such weights.
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Date Time Calibration of 18 by BIPM Cal. of A and B 
vs. 18 at NPL
Values for A and B quoted by BIPM and 
measured by NPL (red)
(Months) Notes A B A B Notes
Value 
1kg + 
(Pg)
Diff.
(Pg)
Diff.
(Pg)
Value 
1kg + 
(Pg)
Value 
1kg + 
(Pg)
Dec 83 0 68 176 Initial cal. Of A and B
Sept 84 9 -16 97 60 173
Nov 84 11 76 Prelavage
Mar 85 15 57 Post lavage
Mar 85 15 168 Post lavage
May 86 29 63 Not cleaned
Oct 86 34 3 108 66 171
Jun 91 90 80 Pre lavage
Oct 91 94 53 Post lavage
Nov 93 119 25 127 78 180
Mar 96 147 16 123 77 184
Dec 96 156 120 181
Mar 97 159 14 118 75 179
Oct 97 166 61 Not cleaned
Jan 98 169 11 118 72 179
Jun 98 174 8 117 74 180
Nov 00 203 71 Relative to A 7 116 78 186 Not cleaned
Table 12.2 Values for 18, A and B quoted by or directly traceable to the BIPM
The table shows that both A and B have gained mass over the period shown (1983 to 
2000) but at a lower rate than kilogram 18. This is probably due to a combination of the 
fact that kilogram 18 has undergone the lavage-nettoyage cleaning process more 
regularly than either A or B and that the 18 was finished by hand polishing producing a 
noticeably rougher surface than the diamond turned finish on A and B. Figures 12.2 and
12.3 show the change in values of kilograms A and B with time. Uncertainties of 
± 4  micrograms (at k=l) have been assigned to values quoted by the BIPM and 
± 5 micrograms to those measured, relative to kilogram 18, at NPL. As stated the values 
relative to kilogram 18 were measured either directly before or directly after it had been 
calibrated at the BIPM.
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Figure 12.2 Value of kilogram A over time
The graph shows a reasonably steady increase in the value of kilogram A over the 
period detailed. Taking the two values quoted by the BIPM (first and last points on the 
graph) an increase of 0.6 pg/year is calculated. A best-fit line using all the data 
weighted according to the uncertainty on each point give a slope of 0.78 pg/year. It can 
however be seen that if all data can be regarded as reliable the value of kilogram A has 
not increased in a linear way and appears to be have been relatively stable over the last 
8 years (96 months). This behaviour accords with the model proposed by NPL for the 
increase in mass of kilogram 18 (Chapter 3 equation 3.1) predicting a rapid increase 
after cleaning and a slowing of the rate of increase with time. The value of A appears to 
fall slightly in the period 160 to 180 months. This can be taken as a real change and is 
supported by the fact the B appears stable over the same period (see Figure 12.3). This 
decrease in value can possibly be attributed to the weights intensive use on the 
HK1000MC mass comparator that involves mechanical exchange of weights described 
in Chapter 4, and therefore potential mechanical wear on the base of the mass standards 
used. For the work described in this thesis the data of interest for kilogram A is that 
between 179 and 202 months. This shows an increase of 5.6 micrograms over this 
period (equivalent to 2.1 micrograms a year). While much greater than the overall mass 
gain of kilogram A over the entire period, this value is credible due to the increased
25 0
exposure of the weight to unfiltered laboratory air over the period of the work described 
in this thesis.
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Figure 12.3 Value of kilogram B over time
The graph for kilogram B shows a similar trend to kilogram A over the period. As in the 
graph of kilogram A, the first point corresponds to the initial value quoted by the BIPM. 
The third point represents a clean and recalibration by the BIPM hence the reduction on 
the mass value of the standard at this point (t = 15 months). After this cleaning the 
weight has shown a steady increase in mass. A best-fit line to all the data since 1985 
(last 9 of the 11 points) gives a mass gain of 1.0 pg/year, slightly higher than the value 
calculated for kilogram A, but of the same order.
12.4.2.2 Overlayer density calculation for in air standard
Figure 12.1 showed the increase in overlayer thickness for the surface sample stored in 
air to be 2.59 nm over a period of 32 months. For the duration of this measurement the 
surface sample accompanied kilogram A and so can be assumed to have been exposed 
to the same contamination conditions. The timescale of the XPS measurements 
corresponds to the period 170 to 202 months in the calibration data presented for 
kilogram A. Over this period the value of kilogram A increased by 5.6 micrograms.
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« •  ♦ •  •  •  0Given that the geometric surface area of platinum-iridium kilogram A is 71.54 cm the
density of the accreted contamination is:
Am
P o v e r l a y e r - - ^ ^ ..................  (12.1)
Where: Am is the increase in the mass of kilogram A 
SA is the geometric surface area 
At is the increase in overlayer thickness
The average density of the overlayer calculated from this equation is 0.302 g/cm 
(302 kg/m ). Assuming that the accreted material is mostly hydrocarbon, an assumption 
confirmed by the peak fitting of the XPS data described in chapter 10, the average 
density of a polymer could be assumed to be between 0.8 and 1.0 g/cm . Thus the 
accretion has a density of about one third of the value of the pure hydrocarbon.
12.4.2.3 Mass gain of transfer standard
The integral kilogram transfer standard, exchanged regularly between air and vacuum 
during the period of the test, was kilogram 82. This kilogram was measured in air 
against kilogram A throughout the duration of the measurements. Figure 12.4 plots the 
value of kilogram 82 relative to kilogram A over the period of the test.
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Figure 12.4 Mass gain of kilogram 82 relative to kilogram A
The plot shows the rapid initial gain in mass at the start of the test. This corresponds 
well with the results from the XPS measurements, which showed a rapid initial increase 
in overlayer thickness (Figure 12.1). The mass against kilogram A is stable after the 
initial increase over a period of 7 months. The stability of the mass difference indicates 
that kilograms A and 82 are increasing mass at the same rate over the period 7 to 
32 months. Given that kilogram A showed a linear increase in mass of 5.6 micrograms 
over the period of the test the absolute value of kilogram 82 can be calculated for the 
same period. This value is plotted in figure 12.5 together with the measured depth of 
surface contamination on the XPS sample, which accompanied the weight.
253
O)
+
248 7 . 5 0
246 7 . 0 0
244 6 .5 0
242 6.00
240 ♦ ♦ 5 .5 0
238 5 .0 0
236 4 . 5 0
234 , 4 . 0 0
232 3 .5 0
230 3 .0 0
t)0 5 15 20 25 30
CDQ
Time (months)
Figure 12.5 Absolute mass value of kilogram 82 and measured 
depth of surface contamination
12.4.2.4 Overlayer density calculation for transfer standard
The correlation between the mass gain measured gravimetrically and the surface 
contamination depth measured by XPS can be seen to be very close. Examining the data 
up to five months both the mass gain and depth of contamination show rapid increase at 
an approximately linear rate. The mass gain over this period is 5.7 micrograms, which 
corresponds to a measured increase in contamination depth of 1.94 nanometres.
Using equation 12.1 these figures give an average density of the overlayer of
3  , • • • • 20.41 g/cm . This is higher than the density of 0.3 g/cm measured on the in-air sample.
This may be due to the higher ratio of oxide to carbon contamination and the fact that
the oxygen based contamination is more dense or may indicate that the matrix of
contamination overlayer is more tightly packed.
A slight anomaly between the measured mass gain and accretion curves exists in that 
the accretion curve tends to flatten out with time whereas the mass gain continues 
rising. This may be attributable to the fact that, at depths of about 6nm for the overlayer, 
the XPS technique is reaching its limit of resolution and may give results that show a 
constant overlayer thickness with time where the actual depth of the overlayer is still
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increasing. The weighing data in fact follows the long-term model predicted by the 
substrate/overlayer ratioing XPS analysis methods showing a rapid initial increase 
followed by long term mass gain in line with the accretion rates shown by the in air and 
in vacuum samples.
12.4.2.5 Mass gain of in vacuum standard
Measurement of the mass gain of the in vacuum standard (kilogram 81) is difficult for 
two main reasons:
1. While in vacuum, traceability to kilograms A and 18 (in air) and thus to the 
international prototype kilogram could only be achieved via a transfer 
standard (kilogram 82). The value assigned to 81 in vacuum therefore not 
only relied on a series of comparisons rather than one direct comparison, but 
also relied on the repeatability of the mass loss/gain of kilogram 82 being 
transferred into and out of vacuum. Given that the overlayer thickness of 82 
has been shown to increase over the time it has been used as a transfer 
standard it may be assumed that the weight loss/gain of the weight may also 
have changed since differing amounts of water could be desorbed/adsorbed 
by the surface depending on the overlayer thickness.
2. As described in Chapter 8, on removal from vacuum kilogram 81 was seen 
to have become contaminated on its base due to the repeated transfer of the 
weight onto and off the aluminium balance pan. This additional 
contamination, while causing an increase in the mass of the weight was not 
duplicated in the contamination of the surface sample.
The value of kilogram 81 in air was measured immediately before and after its storage 
and use in vacuum as part of this work. These values are traceable either via kilogram 
18 or via kilogram A to the international prototype kilogram. Table 12.3 summarises the 
values for kilogram 81 in air before and after its use and storage in vacuum. The value 
given for kilogram 81 after its removal from vacuum (November 2000) is following the 
removal of the contamination described in Chapter 8. This involved the rubbing of the 
contaminated areas on the base with a tissue. While this can be assumed to have
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affected the normal contamination overlayer (as measured by the XPS measurements), 
the localised nature of the additional contamination means that the overall 
contamination layer on the surface of the weight was minimally changed.
Date Measured 
mass value 
(1kg +) (pg)
Basis Notes
Sept 97 321.2 Kilogram 18 calibrated BIPM (Oct 97)
Nov 00 329.1 Kilogram A calibrated BIPM (Nov 00) After removal of 
contamination from base
Table 12.3 Value of kilogram 81 in air before and after its use and storage in
vacuum
12.4.2.6 Overlayer density calculation for in vacuum standard
The kilogram has increased in mass by 7.9 micrograms between September 1997 and 
November 2000, a period of 38 months. Assuming a linear increase, the mass gain over 
the period of the XPS measurements shown in Figure 12.1 (32 months) is 
6.65 micrograms. The increase in the contamination overlayer, as measured by XPS, 
over the same period is 2.76 nanometres. Thus, using equation 12.1 the density of the 
overlayer is 0.34 g/cm3. This is slightly higher than the value calculated from the in air 
sample and weight, but significantly below that for the transfer sample and weight.
12.5 Accretion processes for the three exposure conditions
12.5.1 In air surfaces
The reaction of the in air surfaces examined will follow the pattern of accretion for 
national standard kilograms during their normal use. The accretion of contamination 
will mainly be by physisorption of molecules into the surface contamination already 
present on the surface. XPS measurement shows the predominant component of the 
mass gain is caused by an increase in the hydrocarbon contamination on the weight 
surfaces. These hydrocarbons will be either entangled in the contamination layer that 
already exists on the weight surface (weakly physisorbed) or cross-linked with the 
existing carbonaceous contamination layer (strongly physisorbed). Exposure to vacuum
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will remove the weakly physisorbed contaminants but not those that are strongly 
physisorbed (at least in the short term). As with all the samples examined the depth of 
the metal oxide and metal hydroxide layers remained constant throughout the test each 
having a depth of about lnm, the oxide lying slightly deeper than the hydroxide. The 
overall depth of the oxygen contamination layer increased relatively little and mainly 
due to oxidised carbon contamination (C-OH and C=0).
12.5.2 In vacuum surfaces
As with the in air sample the increase in the accreted overlayer mainly consisted of 
carbon contamination (and mainly H-C). While the process of molecular entanglement 
and cross-linking will also take place in vacuum, one would expect the frequency of this 
process to be much less due to the relative abundance of the contaminants. Given that 
the accretion rate of weights stored in vacuum has been shown to be similar to that in air 
and that XPS measurements have shown that the predominant accreted contamination is 
hydrocarbon, it can be assumed that the accretion process is as follows: Short chain 
hydrocarbons are removed from the weight surface due to vacuum exposure. The active 
sites on the metal surface thus vacated are then occupied by longer chain hydrocarbon, 
thus increasing the depth of contamination and the mass value of the weight.
12.5.3 Air/vacuum transfer surfaces
Both the gravimetric and XPS measurements demonstrated that the surfaces of the 
weights and samples transferred between air and vacuum show a rapid increase in the 
depth of the contaminant overlayer over the first few months of exposure. The XPS 
analysis showed that this contamination was predominantly hydrocarbon but also 
included oxidised carbon groups (C=0 and C-OH). The likely process for the accretion 
of these contaminants is similar to that for the surfaces stored permanently in vacuum. 
Vacuum exposure removes the weakly bonded short chain hydrocarbons from the metal 
substrate exposing active sites on the surface. When the surface is re-exposed to air 
these active sites are occupied by longer chain hydrocarbons, which are obviously more 
abundant in air than in vacuum. The removal of the surface water by vacuum exposure 
will also act to increase the rate of accretion of contaminants by cross-linking when the 
surface is returned to air and before the re-adsorption of the surface water. In the early
257
stages of exposure, before the build up of the carbonaceous contamination layer, the 
XPS measurements also showed an increase in the hydroxide layer. This consists 
mainly of physisorbed (C-OH) species but an increase in the metal hydroxide 
(Pt(0*H4)) was also seen. The accretion process for these hydroxides is likely to be 
similar to that of the hydrocarbons described above. The metal hydroxides will form on 
the substrate with the presence of water at the activated sites exposed by the removal of 
short chain hydrocarbons (and the surface water). The increase in the hydroxide groups 
is only occurs in significant amounts when there is a relatively thin layer of 
hydrocarbon contamination.
12.6 Conclusions
As received the stainless steel weights showed an initial loss in mass on exposure to 
vacuum. This is probably due to removal of residual contamination from the 
manufacturing process by the exposure of the surface of the weights to vacuum. The 
subsequent mass change on transfer between air and vacuum was extremely repeatable 
for all transfers performed, the mass change being 0.154 pg/cm2.
The platinum-iridium weights showed less repeatable behaviour both on initial exposure 
to vacuum and on subsequent transfer between air and vacuum. Overall the platinum- 
iridium weights showed a slight increase on initial exposure to vacuum (ie. a measured 
increase in mass in air before and after initial exposure to vacuum). This is a function of 
the weights being very clean when received (having undergone the nettoyage-lavage 
process at the BIPM) and the mass gain can be assumed to be due to contamination 
accreted when the weights are initially returned to air. On re-exposure to air following 
storage in vacuum the weights surfaces are more susceptible to air borne contamination 
since they are without their normal cover of physisorbed water, which takes a finite time 
to be re-adsorbed. On returning the weights to air after initial exposure to vacuum most 
of the active sites on the weight surface, exposed due to the absence of the water layer, 
will attract contaminants resulting in a step increase in the mass value of the weight. 
Subsequent re-exposure to air will show a much smaller change as most of the active 
sites will have become contaminated after the initial re-exposure.
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The less repeatable results observed for transfer between air and vacuum for the 
platinum-iridium compared with the stainless steel weights in part is a function of their 
reduced surface area - due to the relative densities of the materials the stainless steel 
weights had approximately twice the surface area of the platinum-iridium weights. The 
measured changes between air and vacuum values for both materials were dependent on 
the repeatability of the balance, which is the most significant uncertainty contribution. 
Given that the repeatability performance of the balance is the same for both materials, 
the stainless steel weights, which exhibit approximately twice the absolute change in 
value between air and vacuum, could be expected to give more repeatable results in 
relative terms. Additionally, the physisorbed contaminants tend to bond more strongly 
to stainless steel surfaces and so are less likely to be desorbed/re-adsorbed by exposure 
to vacuum/air resulting in a more repeatable mass value for the weights transferred.
The desorption/re-adsorption of the weakly bonded physisorbed contaminants was not 
detected during the course of weighing the standards in air or in vacuum suggesting that 
the process took place rapidly (within 10 minutes of exposure to vacuum/air -  before 
the weighing procedures could be commenced). The changes in the values of the 
weights of the two materials were 0.154 pg/cm2 for the stainless steel weights and 
0.189 pg/cm2 for those of platinum-iridium. These values equate to between 5 and 
7 monolayers of water on the geometric surfaces of the weights although the 
adsorption/desorption of other contaminants, particularly on the platinum-iridium 
weights, may also contribute.
The strongly physisorbed and chemisorbed (permanent) contaminants built up more 
quickly on the transfer sample than on those stored permanently in air or in vacuum. 
This increased accretion rate lasted approximately 5 months (the sample being 
transferred between the media approximately every 10 days). After this period the rate 
of accretion is similar to that of the samples stored permanently in air and vacuum. The 
density of the overlayer on the transfer sample was also slightly greater (0.41 g/cm3) 
than that of the in air or in vacuum samples (0.3 and 0.34 g/cm3 respectively). Accretion 
on the in air and in vacuum samples showed similar patterns. Analysis of the individual 
contaminants suggest that the majority of the accreted mass is due to hydrocarbon 
contamination, but the transfer sample showed a growth in both metal and carbon 
hydroxides (Pt(OH)4 and C-OH) over this period of accelerated mass increase (the first
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5 months of exposure). This may explain the slightly higher density of the overlayer on 
the transfer sample.
Assessment of the analysis methods used for the XPS data and their correlation with the 
weighing data has shown that the stratification method, which ratios peak data for the 
individual species taken at two angles, has a limit of depth of analysis of about 6nm. 
This was illustrated by the depth of contamination on the transfer sample, where the 
stratification analysis method suggested that the accretion of contamination stopped at a 
depth of about 6nm (after an exposure period of about 5 months). The 
substrate/overlayer ratioing methods and the gravimetric data indicated that the 
contamination depth continued to increase, albeit at a reduce accretion rate, after the 
initial 5 month period.
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CHAPTER 13: Summary and Conclusions
13.1 Introduction
The aims and objectives of this work have been set out in Chapter 1. Practical work 
using X-ray photoelectron spectroscopy and gravimetric analysis has been performed to 
achieve the three aims listed. This chapter summarises the results of the practical work 
and draws conclusions from the measurement results. Three objectives were set out 
namely;
• To investigate the stability of weights stored in vacuum
• To quantify the mass change in transferring between air and vacuum
• To categorise long term changes in the weights by gravimetric and XPS 
measurements
13.2 Stability of weights stored in vacuum
Chapters 8 to 11 present the data for storage of weights in vacuum. This data consists of 
gravimetric and XPS measurements on stainless steel and platinum-iridium weights and 
surface samples.
The stability of stainless steel weights in vacuum was studied over a period of 70 days. 
An initial exponential loss of about 3 micrograms was seen following introduction into 
vacuum. This loss occurred over a period of about 30 hours. Over a period of 2 to 
3 days about 1 microgram was re-gained by the weight after which no change in value 
could be detected.
A platinum-iridium mass standard, kilogram 81, was stored in vacuum for a period of 
approximately 5 years. Initial behaviour was very similar to that of the stainless steel 
weight with a loss of about 2.5 micrograms over a 20 hour period followed by a gain of 
about 1 microgram over 2 to 3 days. In the longer term (up to 40 months in vacuum) the 
mass of kilogram 81 in vacuum showed broadly the same mass gain as platinum-iridium 
weights stored in air (approximately 2 micrograms per year). The traceable calibration 
of kilogram 81 in vacuum was achieved by measuring it against transfer standard
261
(kilogram 82) in vacuum. The transfer standard was then weighed in air against the in 
air reference standard (kilogram A). After 40 months in vacuum the rate of weight gain 
increased. On removal of 81 from vacuum some localised contamination of the base 
was observed. It can be assumed that this was caused by the continuous making and 
breaking of contact between the pan and the weight. With the removal of the water 
vapour layers on the surface of the weight a metal to metal contact becomes more likely 
and localised welding between the two materials can occur (the lack of air to conduct 
heat away would exacerbate this effect). Removing this localised contamination reduced 
the mass of kilogram 82 by about 1 2  micrograms giving a final value for the weight in 
line with the initial mass gain seen (ie. about 2  micrograms per year), a figure similar to 
that for the increase in the value of platinum-iridium standards stored in air for the same 
period.
Comparing XPS measurements on platinum-iridium samples stored in air and in 
vacuum confirms the trends shown by the gravimetric measurements with both samples 
showing broadly similar accretion of contaminants with time.
Despite the difference in surface finish, surface area and material the behaviour in 
vacuum of the stainless steel and platinum-iridium kilograms were very similar over the 
first 2-3 days of exposure. Both weights showed good stability over the subsequent 
50-70 days in vacuum. The stability of the platinum-iridium kilogram stored in vacuum 
was investigated over a prolonged period in vacuum (approximately 4 years). Over this 
period the weights showed a mass increase similar to that of a weight stored in air, 
gaining approximately 2  micrograms per year.
13.3 Effect of transfer between air and vacuum
Both stainless steel and platinum-iridium weights were evaluated for the effects of 
transfer between air and vacuum. A quantitative measure of the change in mass per unit 
surface areas was calculated by using integral and composite weights of similar mass 
but with different surface areas. These weights were transferred between air and 
vacuum several times and the step change in mass and subsequent stability in the two 
media were evaluated.
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The stainless steel samples showed excellent agreement between the mass change 
values calculated for all the weights tested. An initial non-recoverable mass loss was 
observed on the first exposure of the weights to vacuum. The value of this loss was 
0.074 pg/cm (equivalent to about 10 micrograms on a cylindrical stainless steel 
kilogram) and is due to the removal of weakly physisorbed contaminants probably 
introduced as part of the manufacturing process. These contaminants are not, in the 
short term, re-adsorbed onto the surface of the weights when they are brought back to 
ambient conditions. In addition to this initial non-recoverable mass loss a repeatable 
step change between air and vacuum was observed. This change was very repeatable 
both between the weights tested and over a series of 8  transfers between air and vacuum 
performed over a period of 30 weeks. The value of the step change was 0.154 pg/cm2 
(equivalent to 21.5 micrograms on a cylindrical stainless steel kilogram). The mass 
change occurred quickly with the weights appearing stable after 1 0  minutes exposure to 
vacuum/air. The rapid adsorption/desorption of the mass indicated that it probably 
consisted mainly of water on the surface of the weights, a mass gain of 0.154 pg/cm2 
being equivalent to about 5 monolayers (1.5nm) of water on the geometric surface of 
the weights. Given that the typical depth of contamination on the surface of the weights 
is about 5 nm the adsorption of this amount of water is entirely feasible. The value of 
0.154 pg/cm2 is in line with data reported for the effect of humidity on mass standards 
[68-82] where values between 1 and 30 ng/cm2/%RH are reported. Given that the 
average humidity of the air during the measurements described was 55% the effect of 
changing from this value to 0 % humidity (in vacuum) is equivalent to about 
3 ng/cm2/%RH.
More extensive tests on three sets of platinum-iridium standards were performed using 
the same experimental protocol as for the stainless steel weights. The behaviour on 
initial exposure to vacuum showed a more variable result than that seen with the 
stainless steel weights. On average a mass gam of 0.1 pg/cm was seen after the first 
exposure to vacuum. This is partly a function of the fact that the weights were extremely 
clean after production, having undergone the nettoyage-lavage cleaning process at the 
BIPM, so the presence of residual contamination is unlikely. The mass gain could be a 
function of the removal of weakly physisorbed contaminants on exposure to vacuum, 
freeing activated sites on the platinum-iridium. On re-entry into the air these sites may 
be occupied by longer chain contaminants resulting in a net mass increase. The step
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change on transfer between air and vacuum was 0.16 pg/cm2 (equivalent to
11.4 micrograms on a platinum-iridium kilogram) a figure in line with that seen on the 
stainless steel weights. This again represents about 5 monolayers on the geometric 
surface of the weights.
Given that the surface finishes of the platinum-iridium and stainless steel weights used 
for the evaluation differ by an order of magnitude (Rz for the platinum-iridium is about 
4 nm compared with 40 nm for the stainless steel) the gravimetric results suggest that 
the mass change per unit surface area is largely independent of surface roughness, 
assuming the reasonable standard of surface finish which would be found on most mass 
standards.
The transfer results showed a non-reversible initial change on exposure to vacuum for 
both the materials investigated. The subsequent change, in terms of unit surface area, is 
very similar for both materials but was more repeatable for the stainless steel weights. 
This is probably due to the fact that the stainless weights had nearly twice the surface 
area of those of platinum-iridium so the larger mass changes in absolute terms were 
easier to measure.
13.4 Long term stability measured gravimetrically and by XPS
Small surface samples (10mm diameter x 1 mm thick), manufactured by the same 
process as the mass standards of stainless steel and platinum-iridium, were designed to 
accompany the in air in vacuum and transfer standard masses and allow XPS 
measurements intended to assess the accretion of contaminants on the surfaces of the 
samples (and thus on the surface of the mass standards).
Initial evaluation of the samples of both materials over a period of 1 month showed 
similar effects, with the samples stored in filtered and in vacuum showing the least 
accretion of contaminants. Longer-term measurements on platinum-iridium samples 
were made using angle resolved XPS and analysed using three techniques. The 
substrate/overlayer ratioing [120-122], and Thickogram (Cumpson [123]) ratio the 
overlayer and substrate signals acquired at a 0 ° (normal) take off angle to calculate 
overlayer depth. The stratification method [119] uses data acquired at two take off
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angles (0° and 75°) and ratios the individual species’ signals at the two angles to 
calculate an average depth for the species and the amount present. All analysis methods 
showed similar linear accretion rates for the samples stored in air and in vacuum. The 
sample transferred between air and vacuum showed a more rapid accretion of 
contamination over the first 5 months of exposure. This rapid accretion was shown by 
all analysis methods. After the initial rapid accretion of contaminants the behaviour of 
the measured contamination layer differs depending on the analysis method used. The 
simple substrate/overlayer ratioing method and the thickogram show a continued 
increase in the depth of the contamination at a similar rate to the in air and in vacuum 
samples. The stratification analysis technique shows little increase in the depth of 
contamination after the first 5 months. This is due to the nature of the stratification 
analysis technique which models the average depth of the substrate less well as the 
overlayer thickness increases and the substrate signal is attenuated. Effectively for weak 
substrate signals the average depth will be seen at about 6  nm thus limiting the analysis 
depth of the technique. Gravimetric measurements on the weight, which this surface 
sample accompanied, confirm that the mass (and therefore the contamination thickness) 
continues to increase after the initial 5-month period. The results produced by the 
substrate/overlayer ratioing and thickogram techniques are therefore valid for greater 
depth of analysis than the stratification method.
Correlation between the gravimetric and XPS data was good confirming the validity of 
the mass gain models produced by surface analysis. Densities for the overlayers on the 
three samples were calculated using the mass gain measured gravimetrically and the 
increase in contamination depth measured by XPS. Densities were between 0.3 and
0.4 g/cm with the transfer standard having the highest density.
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13.5 Overall Conclusions
• Long-term storage of a weight in vacuum does not significantly alter its mass 
stability when compared with storage in air. The composition of the accreted 
overlayer does not vary significantly between the two media, the contamination 
being mainly due to an increase in the hydrocarbon (H-C) groups.
• Transfer of weights between air and vacuum will initially increase the rate of 
surface contamination and therefore of mass gain. An initial increase in the 
metal and carbon hydroxide groups together with a more rapid hydrocarbon 
contamination accounts for this mass gain.
• The short-term mass change of weights transferred between air and vacuum is 
of the order of 0.16 pg/cm representing about 5 monolayers of water. This 
figure could be expected to increase slightly as the depth of the carbonaceous 
overlayer increases.
• XPS has proved an effective way of modelling the mass gain on weights stored 
in both air and vacuum and is more sensitive than gravimetric methods. 
Correlation between XPS and gravimetric measurements was good.
• The average calculated density of the contamination overlayer was between 0.3 
and 0.4 g/cm3 based on the XPS and gravimetric measurements.
• Angle resolved XPS, analysed using the stratification method, allowed the 
average depth and amount of the contaminants to be calculated. This analysis 
method was only reliable for relatively thin contamination layers (less than 6  
nm).
• The basic substrate/overlayer ratioing and Thickogram methods gave more 
reliable results for greater overlayer thichnesses, up to the limit of the XPS 
measurement technique.
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APPENDIX 1.1: Specifications for the Mettler HK1000MC mass comparator
3. Technical data
Technical specifications HK1000MC with weight handler HD1000
Readability 
Weighing capacity 
Electrical weighing range 
Taring ran g e  (by subtraction)
1 W
1001.12 g
120m g
Q...120mg
Reproducibility with handler 
Reproducibility (manual operation)
2 n g
< 20pg
Linearity ± 2 p g
Stabilization time (typical) 
Integration time (adjustable) 
Stability de tec to r (adjustable)
25 sec
0 . 8 / 1 . 5 / 3 / 6  sec  
6 s teps
Built-in w eight s e t  
- Dialing steps  
-A ccuracy  of decades
0...1001 g
100 g /  10 g /  1g /  0.1g 
0.9mg /  0.3mg /  0.2mg / 0.08m g
Calibration w eight (built-in)' 100 mg adjusted to ±  1 pg
to an  apparen t m ass of 8.0 g/cm 3 in an  air density  of 1200 mg/1
Sensitivity drift (within adm issible tem pera tu re  range) ±  10 ppm/°C
Admissible ambient condfflons
Tem perature (& admissible constancy) 
Relative humidity (& admissible constancy) 
Location of installation
17...27 °C (±0.2 °C) 
45.r.60 % (±  2. %) 
(Almost) vibration-free
Standard equipment
Weight handler HD1000 Adapted for com puter controlled opera tion
of up to of 4  weight p ieces
with 0  £  18 mm and 0  <58  mm an d  height <  93  mm
METTLER Software For use  with any IBM compatible personal com puter 
Written in TurboPascai language 
Version 5 .5 ., including source code
Control unit including vacuum fluorescent display
D ata interface METTLER CL249 (CL-RS232 a d ap te r)  
CL and RS232C, bidirectional
Power supply
- (Adjustable) voltage(& adm issib le fluctuations)
- Frequency
- Power consumption
110 V /1 3 0  V /2 2 0  V / 2 4 0  V (+ 10 ...-15% ) 
50...60 Hz 
25 VA
Weighing pan (for manual operation) Suspended (0  90 mm; free height 110 mm) 
Feedthrough for below -the-balance w eighing
Dtnensfcns,
Balance housing 
W eight handler 
Control unit 
D ata interface 
Complete system  '
255 x 430 x 470 mm (W x L x H); 27  kg 
255 x 550 x 125 mm (W x L x H); 12.5 kg 
185 x 340 x 125 mm (W x L x H); 4 .5  kg 
140 x 195 x 48 mm (W x Lx H); 0 .7  kg 
2 5 5 x 5 5 0 x 5 9 5  m m ( W x L x H )
Subject to technical changes 09/91
HK1000MC with weight handler HD1000 15
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APPENDIX 1.2: Example of the output from Mettler HK1000MC weighing run
METTLER HK1000MC Measuring Printout
Program Version 1.3 
Comparison scheme: 1-2 / 1-3 / 1--4 / 2-3 /
0 min Start delay 
4 Weights
3 Measurements per weight
4 Series
20 sec Braking time 
30 sec Stabilisation time
Customer: Mettler-Toledo 
Nominal weight: lOOOg 
Reference weight: 1000 
Weight 1 No: 81 
Weight 2 No: 500s 
Weight 3 No: 82 
Weight 4 No: 2/300s 
Remarks: GRS 1/7
AG
All values in mg
Series 1 Comparison 1-2
Date: Sep 29, 1999 Time: 14:22:18
Weight 1 Weight 2
1. Diff
2. Diff Average
-0.018
-0.012
0.002
0.015
-0.376
-0.367
-0.355
-0.358
-0.364
-0.355
-0.369
-0.357
-0.370
-0.3610
-0.3620
-0.3635
Average:
Std Deviation
-0.3622
0.0013
Series 1 Comparison 1-3
Date: Sep 29, 1999 Time: 14:36:10
Weight 1 Weight 3
1. Diff
2. Diff Average
0.015
- 0 . 0 0 3
- 0 . 0 8 6 - 0 . 1 0 1
-0.083 -0.0920
0.008
0.009
-0.081
-0.084
-0.078
-0.089
-0.092
-0.093
-0.0835
-0.0925
Average:
Std Deviation
-0.0893
0.0051
Series 1 Comparison 1-4
Date: Sep 29, 1999 Time: 14:48:06
Weight 1 Weight 4
1. Diff
2. Diff Average
0.009
0.012
0.013
0.010
-0.096
-0.094
-0.097
-0.105
-0.108
-0.106
-0.107
-0.110
-0.107
-0.1065
-0.1065
-0.1085
Average:
Std Deviation
-0.1072
0.0012
Series 1 Comparison 2-3
Date: Sep 29, 1999 Time: 15:00:00
Weight 2 Weight 3
1. Diff
2. Diff Average
-0.345
-0.363
-0.359
-0.356
-0.074
-0.066
-0.068
0.271
0.289
0.297
0.293
0.291
0.288
0.2800
0.2950
0.2895
Average:
Std Deviation:
0.2882
0.0076
Series 1 Comparison 2-4
Date: Sep 29, 1999 Time: 15:13:50
Weight 2 Weight 4
1. Diff
2. Diff Average
- 0 . 3 5 6
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-0.352
-0.345
-0.344
-0.103
-0.103
-0.103
0.253
0.249
0.249
0.242
0.242
0.241
0.2510
0.2455
0.2415
Average:
Std Deviation:
0.2460
0.0048
Series 1 Comparison 3-4
Date: Sep 29, 1999 Time: 15:25:40
Weight 3 Weight 4
1. Diff
2. Diff Average
-0.073
-0.064
-0.068
-0.068
-0.101
-0.100
-0.102
-0.028
-0.037
-0.036
-0.032
-0.034
-0.034
-0.0325
-0.0340
-0.0340
Average:
Std Deviation :
-0.0335
0.0009
Series 2 Comparison 1-2
Date: Sep 29, 1999 Time: 15:39:36
Weight 1 Weight 2
1. Diff
2. Diff Average
0.010
0.016
0.018
0.018
-0.348
-0.348
-0.344
-0.358
-0.364
-0.364
-0.366
-0.362
-0.362
-0.3610
-0.3650
-0.3620
Average:
Std Deviation:
-0.3627
0.0021
Series 2 Comparison 1-3
Date: Sep 29, 1999 Time: 15:53:34
Weight 1 Weight 3
1. Diff
2. Diff Average
0.018
0.017
0.016
0.017
-0.070
-0.063
-0.065
-0.088
-0.087
-0.080
-0.079
-0.081
-0.082
-0.0875
-0.0795
-0.0815
Average:
Std Deviation :
-0.0828
0.0042
Series 2 Comparison 1-4
Date: Sep 29, 1999 Time: 16:05:28
Weight 1 Weight 4
1. Diff
2. Diff Average
0.017
0.021
0.021
0.021
-0.087
-0.101
-0.103
-0.104
-0.108
-0.122
-0.122
-0.124
-0.124
-0.1060
-0.1220
-0.1240
Average:
Std Deviation
-0.1173
0.0099
Series 2 Comparison 2-3
Date: Sep 29, 1999 Time: 16:17:19
Weight 2 Weight 3
1. Diff
2. Diff Average
-0.342
-0.344
-0.342
-0.344
-0.058
-0.056
-0.057
0.284
0.286
0.288
0.286
0.285
0.287
0.2850
0.2870
0.2860
Average:
Std Deviation :
0.2860
0.0010
Series 2 Comparison 2-4
Date: Sep 29, 1999 Time: 16:31:06
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Weight 2 Weight 4
1. Diff
2. Diff Average
-0.344
-0.338
-0.339
-0.338
-0.092
-0.083
-0.083
0.252
0.246
0.255
0.256
0.256
0.255
0.2490
0.2555
0.2555
Average:
Std Deviation:
0.2533
0.0038
Series 2 Comparison 3-4
Date: Sep 29, 1999 Time: 16:43:03
Weight 3 Weight 4
1. Diff
2. Diff Average
-0.055
-0.046
-0.050
-0.054
-0.089
-0.084
-0.085
-0.034
-0.043
-0.038
-0.034
-0.035
-0.031
-0.0385
-0.0360
-0.0330
Average:
Std Deviation:
-0.0358
0.0028
Series 3 Comparison 1-2
Date: Sep 29, 1999 Time: 16:56:59
Weight 1 Weight 2
1. Diff
2. Diff Average
0.028
0.028
0.028
0.028
-0.334
-0.333
-0.336
-0.362
-0.362
-0.361
-0.361
-0.364
-0.364
-0.3620
-0.3610
-0.3640
Average:
Std Deviationl :
-0.3623
0.0015
Series 3 Comparison 1-3
Date: Sep 29, 1999 Time: 17:10:57
Weight 1 Weight 3
1. Diff
2. Diff Average
0.028
0.023
0.034
0.035
-0.061
-0.056
-0.051
-0.089
-0.084
-0.079
-0.090
-0.085
-0.086
-0.0865
-0.0845
-0.0855
Average:
Std Deviation
-0.0855
0.0010
Series 3 Comparison 1-4
Date: Sep 29, 1999 Time: 17:22:51
Weight 1 Weight 4
1. Diff
2. Diff Average
0.035
0.032
0.033
0.033
-0.073
-0.074
-0.074
-0.108
-0.105
-0.106
-0.107
-0.107
-0.107
-0.1065
-0.1065
-0.1070
Average:
Std Deviation:
-0.1067
0.0003
Series 3 Comparison 2-3
Date: Sep 29, 1999 Time: 17:34:42
Weight 2 Weight 3
1. Diff
2. Diff Average
-0.325
-0.338
-0.342
-0.338
-0.046
-0.053
-0.047
0.279
0.292
0.285
0.289
0.295
0.291
0.2855
0.2870
0.2930
Average:
Std Deviation:
0.2885
0.0040
Series 3 Comparison 2-4
Date: Sep 29, 1999 Time: 17:48:31
Weight 2 Weight 4
1. Diff
2. Diff Average
-0.338
-0.331
-0.331
-0.331
-0.089
-0.082
-0.084
0.249
0.242
0.249
0.249
0.247
0.247
0.2455
0.2490
0.2470
Average:
Std Deviation:
0.2472
0.0018
Series 3 Comparison 3-4
Date: Sep 29, 1999 Time: 18:00:30
Weight 3 Weight 4
1. Diff
2. Diff Average
-0.049
-0.033
-0.040
-0.044
-0.080
-0.080
-0.079
-0.031
-0.047
-0.047
-0.040
-0.039
-0.035
-0.0390
-0.0435
-0.0370
Average:
Std Deviation:
-0.0398
0.0033
Series 4 Comparison 1-2
Date: Sep 29, 1999 Time: 18:14:29
Weight 1 Weight 2
1. Diff
2. Diff Average
0.031
0.030
0.036
0.038
-0.331
-0.332
-0.329
-0.362
-0.361
-0.362
-0.368
-0.365
-0.367
-0.3615
-0.3650
-0.3660
Average:
Std Deviation:
-0.3642
0.0024
Series 4 Comparison 1-3
Date: Sep 29, 1999 Time: 18:28:21
Weight 1 Weight 3
1. Diff
2. Diff Average
0.038
0.032
0.030
0.031
-0.058
-0.048
-0.056
-0.096
-0.090
-0.080
-0.078
-0.086
-0.087
-0.0930
-0.0790
-0.0865
Average:
Std Deviation:
-0.0862
0.0070
Series 4 Comparison 1-4
Date: Sep 29, 1999 Time: 18:40:15
Weight 1 Weight 4
1. Diff
2. Diff Average
0.031
0.033
0.031
0.028
-0.073
-0.078
-0.076
-0.104
-0.106
-0.111
-0.109
-0.107
-0.104
-0.1050
-0.1100
-0.1055
Average:
Std Deviation:
-0.1068
0.0028
Series 4 Comparison 2-3
Date: Sep 29, 1999 Time: 18:52:05
Weight 2 Weight 3
1. Diff
2. Diff Average
-0.327
-0.336
-0.340
-0.347
-0.049
-0.049
-0.047
0.278
0.287
0.287
0.291
0.293
0.300
0.2825
0.2890
0.2965
Average:
Std Deviation
0.2893
0.0070
Series 4 Comparison 2-4
Date: Sep 29, 1999 Time: 19:06:03
Weight 2 Weight 4
1. Diff
2. Diff Average
-0.347
-0.338
-0.089 0.258
0.249 0.2535
-0.332
-0.083 0.255
0.249 0.2520
-0.334
-0.083 0.249
0.251 0.2500
Average:
Std Deviation :
0.2518
0.0018
Series 4 Comparison 3-4
Date: Sep 29, 1999 Time: 19:17:56
Weight 3 Weight 4
1. Diff
2. Diff Average
-0.052
-0.041
-0.086 -0.034
-0.045 -0.0395
-0.044
-0.079 -0.038
-0.035 -0.0365
-0.045
-0.080 -0.036
-0.035 -0.0355
Average:
Std Deviation:
-0.0372
0.0021
Date: Sep 29, 1999 Time: 19:31:47
Final result table with averages
Comparison: 1 -2 1-3 1-4 2-3 2-4 3-4
Series 1 
Series 2 
Series 3 
Series 4
■0.3622
■0.3627
■0.3623
■0.3642
-0.0893
■0.0828
■0.0855
■0.0862
-0.1072
-0.1173
■0.1067
■0.1068
0.2882
0.2860
0.2885
0.2893
0.2460
0.2533
0.2472
0.2518
-0.0335
-0.0358
-0.0398
-0.0372
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APPENDIX 2: Listing of the visual basic programme for "Fhickogram overlayer 
Thickness calculation
Private Sub CmdCalculate_Click()
Dim Ir As Double
Dim Ints As Double, Io As Double, So As Double, Ss As Double
Dim Es As Double
Dim L As Double
Dim pi As Double
Dim theta As Double
Dim Res As Double, Resi As Double
Dim Residual As Double
Dim IntCnt As Integer
On Error GoTo Errortrap
pi = 3.14159265358979
'Collect values from input form
Ints = Val(Textl(1).Text) 'Kinetic Energy of Overlayer
Io = Val(Textl(0).Text)
So = Val(Textl(7).Text)
Ss = Val(Textl(8).Text)
Ir = (Val(Textl(0).Text) / Val(Textl(7).Text)) / (Val(Textl(1).Text)
/ Val(Textl(8).Text)) 'Intensity Ratio
Ls = Val(Textl(2).Text) 'Lambda of the substrate
Lo = Val(Textl(3).Text) 'Lambda IMFP of the overlayer
theta = Val(Textl(4).Text) 'Take off angle
Residual = Val(Textl(6).Text)
t = 0.1
'Loop on to the next resolution
For IntCnt2 = -1 To Val(Textl(6).Text)
MinVal = 10000000#
'loop round for crude min value 
For IntCnt = -10 To 10
delta = IntCnt * 10 A -(IntCnt2) 
t = Holdtl + delta
tO = t / (2 * Lo * Cos(theta * (pi / 180)))
If tO <= 0 Then GoTo ErrorHoldl 
tl = L o g (2) + Log(Sinh(tO)) - Log(Ir) 
t2 = Lo * Cos(theta * (pi / 180)) 
t3 = (0.5 - (Lo / Ls))
Res = (tl * t2 / t3) - t 
If MinVal > Abs(Res) Then 
MinVal = Abs(Res)
'save the calculated thickness for min 
Holdt = t 
End If 
ErrorHoldl:
Next IntCnt
'assign the calculated thickness 
Holdtl = Holdt 
Next IntCnt2 
Textl(5).Text = Holdtl 
Exit sub:
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Exit Sub
Errortrap:
Select Case Err.Number 
Case 5
GoTo ErrorHoldl 
Case Else
MsgBox Err.Description & vbCrLf & Err.Number 
GoTo Exit_sub 
End Select 
End Sub
Public Function Sinh(theta) As Double 
'Dim tl As Double 
1 Dim ts As Double
Sinh = (Exp(theta) - Exp(-theta)) / 2 
End Function
Private Sub CmdExit_Click()
End
End Sub
Private Sub Form Load()
Forml.Caption = "Thickogram
Textl (0) . Text = II II
Textl(1) .Text = II  II
Textl(2) . Text = "3.95"
Textl(3) .Text = "3.47"
Textl(4) . Text = "0"
Textl(6) .Text = "3"
Textl(7) .Text = "0.25"
Textl(8) .Text = ” 4 . 4 ”
End Sub
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